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Referat 
Anders als menschengemachte Maschinen verfügen Zellen über keinen festgeschriebenen 
Bauplan und die Positionen einzelner Elemente sind häufig nicht genau festgelegt, da die 
Moleküle diffusiven Zufallsbewegungen unterworfen sind. Darüber hinaus sind einzelne 
Bauteile auch nicht auf eine einzelne Funktion festgelegt, sondern können parallel in 
verschiedene Prozesse einbezogen sein. Basierend auf Selbstorganisation und 
Selbstassemblierung muß die Organisation von Anordnung und Funktion einer lebenden Zelle 
also bereits in ihren einzelnen Komponenten inhärent enthalten sein.  
Die intrazelluläre Organisation wird zum großen Teil durch ein internes Biopolymergerüst 
reguliert, das Zytoskelett. Biopolymer-Netzwerke und –Fasern durchdringen die gesamte 
Zelle und sind verantworlich für mechanische Integrität und die funktionale Architektur. 
Unzählige essentielle biologische Prozesse hängen direkt von einem funktionierenden 
Zytoskelett ab.  
Die vorliegende Arbeit zielt auf ein besser Verständnis und den Nachbau zweier 
verschiedener funktionaler Module lebender Zellen anhand stark reduzierter Modellsysteme. 
Als zentrales Element wurde Aktin gewählt, da dieses Biopolymer eine herausragende Rolle in 
nahezu allen eukaryotischen Zellen spielt. 
Mit dem ersten Modellsystem wird der bewegliche Aktin-Polymerfilm an der Vorderkante 
migrierender Zellen betrachtet. Die wichtigsten Elemente dieser hochdynamischen 
Netzwerke sind bereits bekannt und wurden in dieser Arbeit benutzt um ein experimentelles 
Modellsystem zu etablieren. Vor allem aber lieferten detailierte Computersimulationen und 
ein mathematisches Modell neue Erkenntnisse über grundlegende Organisationsprinzipien 
dieser Aktinnetzwerke. Damit war es nicht nur möglich, experimentelle Daten erfolgreich zu 
reproduzieren, sondern das Entstehen von Substrukturen und deren Charakteristika auf 
proteinunabhängige, generelle Mechanismen zurückzuführen.   
Das zweite studierte System betrachtet die Selbstassemblierung von Aktinnetzwerken durch 
entropische Kräfte. Aktinfilamente aggregieren hierbei durch Kondensation multivalenter 
Ionen oder durch Volumenausschluss hochkonzentrierter inerter Polymere. Ein neu 
entwickelter Experimentalaufbau bietet die Möglichkeit in gut definierten zellähnlichen 
Volumina, Konvektionseinflüsse zu umgehen und Aggregationseffekte gezielt einzuschalten. 
Hierbei wurden neuartige, regelmäßige Netzwerkstrukturen entdeckt, die bislang nur im 
Zusammenhang mit molekularen Motoren bekannt waren. Es konnte ferner gezeigt werden, 
dass die Physik der Flüssigkristalle entscheidend zu weiteren Variationen dieser Netzwerke 
beiträgt. Dabei wird ersichtlich, dass entstehende Netzwerke in ihrer Architektur direkt die 
zuvor herrschenden Anisotropien der Filamentlösung widerspiegeln. 
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Each one of us is a machine, like an airliner only much more 
complicated. 
Richard Dawkins in “The Blind Watchmaker”, p.4. 
 
Although living processes are at least as precisely integrated with 
parts which are as interdependent in function as in any machine 
yet conceived, there is little else that makes them like anything 
that could have been engineered. Whole organisms are not built 
or assembled… The machine metaphor is too limited. 
Terrence W. Deacon responding to Richard Dawkins  
in “The re-emergence of emergence”, p.115 
1 Introduction 
The analogy of life being a complex machine dates back at least to Réne Descartes who 
already described the body as a mechanical machine in the middle of the 17
th
 century
1
. Since 
then, our understanding of what life is has undergone dramatic changes based on 
philosophical considerations but most of all by the rapid evolution of empirical sciences. For a 
long time, biological life has been inextricably linked with the individual cell as its 
fundamental functional unit
2
 but only the last century (and in particular the last decades) 
really revolutionized our microscopic knowledge of the cellular structure and functioning. 
Having gained access to the genome it at first appeared like having found the machine’s 
construction plan. After closer inspection, however, this is precisely the point where the 
machine analogy is breaking down. 
The genome only delivers a cryptic
3
 list of available building blocks. This resembles handing 
over a bag full of gearwheels instead of a fully assembled watch. Based on the machine 
analogy, one would expect to find a detailed construction plan, i.e. a machine design as for 
man-made machines with well-defined positions and functions assigned to each of its 
components. In living cell, however, the situation is fundamentally different.  
Cells show no fixed or encoded full construction plan and the positions of single elements are 
rarely found to be tightly controlled. Most molecules constantly undergo diffusive motion 
and are not per se restricted to smaller regions of the cell (with the exceptions of membrane 
enclosed organelles). Certainly, molecules can be restricted to selected geometries like 
membranes, but still they share this space in a chaotic fashion with many other elements. 
Moreover, molecules of the same kind are not restricted to one particular function and can 
                                                           
1
 For instance in Descartes’ “The description of the human body” from 1647 and in “Passions of the Soul” from 
1649. 
2
 Robert Hooke introduced the term cell in his “Micrographia” from 1665. 
3
 I say “cryptic”, because the genome only provides the sequence of all proteins. To translate this into a list of 
actual building blocks the sequence needs to be translated into a fully folded protein structure. The last decades of 
intensive research on protein folding, however, revealed that this is a very complicated process. 
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be included in several processes at the same time which leads to many interconnected 
‘production lines’
4
.  
Unlike common man-made machines, the cell hence cannot be understood by simply 
following the sequential arrangement of its elements. Apart from the resulting almost 
uncountable number of interacting elements, the living cell (and life in general) is further 
characterized by an existence far from thermodynamic equilibrium. These features might 
explain why physicists stayed away from living matter for such a long time. At first sight, the 
incredibly successful achievements in physics up to the middle of the 20
th
 century simply 
seem to be infeasible to living organisms. It appears that a purely reductionist approach 
(which was and still is extremely successful in physics) is unable to fully investigate soft 
matter [Schrödinger, 1944; Anderson, 1972; Laughlin and Pines, 2000].  
 
Figure 1.1 The machine analogy was (and is) often used to describe the active and complex nature of living matter. 
The ‘digesting duck’ represents an early automaton mimicking an eating and digesting duck and was created by 
Jacques de Vaucanson in 1739 and followed Descarte’s view of a mechanistic animal body (A). In contrast, the 
illustration of a mycoplasma mycoides cell made by David S. Goodsell (Scripps Research Institute) nicely 
demonstrates our current picture of the complex interior of living systems (B). Most likely due to their precisely 
controlled functioning cells are still often compared to complex protein-based machines. 
Not until the 1940s substantial efforts have been made to address complex systems giving 
birth to completely new scientific fields like cybernetics, chaos theory or non-linear dynamics. 
Along came a growing awareness of complexity as a fundamental property of our world one 
necessarily has to deal with. In this context, the concepts of emergence, as well as self-
organization and self-assembly became increasingly popular and are commonly applied in 
many scientific disciplines. Not surprisingly, these concepts attracted a particularly wide 
interest in biological physics. Classical examples are the formation of beautiful, regular 
patterns in numerous biological systems from the molecular level up to plants and animals as 
well as collective or swarm-like behavior [Camazine et al., 2003].  
These organizational concepts allow order formation without a need for hierarchical top-
down design. The ensemble of numerous interacting components that comprise a living cell 
inherently contains the ability to organize their arrangement and overall function. Due to 
permanent energy consumption releasing it from the restrictions of thermodynamic 
equilibrium, the cell is able to remain in a highly organized state.  
                                                           
4
 Which certainly is a main reason for the highly adaptive nature of the cellular ‘machinery’. 
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Intra-cellular organization is to a large extent governed by an internal biopolymer scaffold, 
the cytoskeleton. Extensive biopolymer networks and fibers span the entire cell and provide 
mechanical integrity and functional architecture. Obviously, the interest in the cytoskeleton 
can already be justified by its sheer importance for biological life. The cellular morphology, its 
mechanical properties, as well as biological key processes like cell division, neuroplasticity, 
motility and wound healing all depend on cytoskeletal functions. The cytoskeleton and its 
emergent organization hence presents a fundamental element of biological life by providing a 
highly dynamic yet well-structured scaffold. This feature quite often leads to statements such 
as ‘cells organize their cytoskeleton’ (probably having hierarchical design in mind). What a 
spectacular system the cytoskeleton really is, only becomes apparent when turning around 
this way of thinking, ending up with something less intuitive but closer to reality: ‘the 
cytoskeleton organizes the cell’.  
For the present work I chose the biopolymer actin as a major constituent of the cytoskeleton 
in all eukaryotic cells (except nematode sperm). Actin in its filamenteous form (F-actin) is the 
main component in a surprisingly large variety of different cytoskeletal structures, many of 
which are characterized by very fast assembly and disassembly processes. In terms of 
network architecture the very same cells often contain densely packed actin bundle 
structures and extended networks at the same time. So apparently, the cytoskeleton is able 
to self-regulate its local shape and to form different functional modules in parallel.  
My major research goal is to further understand the underlying principles that permit the 
cytoskeletal components to organize into different types of network structures. To 
successfully filter for organizational mechanisms despite the extensive complexity of the 
actin-based cytoskeleton, I had to develop drastically reduced subsystems. For this particular 
purpose, two different actin network systems were finally chosen.  
First, the foremost region of actively migrating cells is usually governed by a very flat and 
dense actin network structure: the lamellipodium (together with the following lamellum). 
This lamellar actin network is not only of great importance for cell migration, it also presents 
a nearly ideal case of a self-sustaining active polymer ‘machinery’. The lamellar actin network 
displays an extremely high turnover rate (i.e. very fast assembly and disassembly) while 
remaining intriguingly persistent in terms of its characteristic architecture and dynamics.  
Fortunately, key elements for establishing the lamellar actin network have already been 
deciphered and have even been used to perform reconstituted in vitro experiments [Loisel et 
al., 1999; Bernheim-Groswasser et al., 2002]. Using a similar set of actin and actin-regulating 
proteins, I aimed at reproducing self-sustaining treadmilling actin networks in a micro-
fabricated environment close to lamellipodial sizes, complemented by detailed computer 
simulations and analytical modeling. In particular the two developed modeling approaches 
allow to consistently explain a broad range of previously made observations on migrating 
cells and they reveal important aspects regarding network self-organization and disassembly 
(chapter 3). 
In some sense, the second system I studied in the frame of this thesis represents an even 
further reduction (or abstraction). Comprising only F-actin and one additional aggregation 
inducing agent, I aimed at studying the formation process of the resulting actin networks or 
aggregates as well as general dependencies on filament density and length. Instead of using 
highly specific crosslinking proteins, counterion condensation and depletion forces were used 
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as model linkers. The obtained results show a surprisingly large variety of different network 
patterns albeit the system’s strong reduction in complexity. Both counterion condensation 
and depletion forces represent universal entropic mechanisms for filament aggregation and I 
expect the results to represent very general organizational principles of actin network 
formation. The experimental setup I developed in order to properly investigate those 
mechanisms is based on cell-sized confinement and allows more controlled variations than 
typical bulk approaches. In particular, I utilized that both counterions and crowding agents 
(for depletion forces) have to exceed a critical threshold concentration in order to initiate 
filament aggregation. Thereby it was possible to effectively use them as switchable 
aggregation mechanisms. 
The general aim was to indentify and understand the essential regulative mechanisms that 
are inherently contained in the studied few-component subsystems. Regarding the lamellar 
actin networks, this work might contribute to a more fundamental understanding of the 
network’s key components and their inherent tendency to self-organize into robust, 
treadmilling actin networks. The investigated role of molecular crowding and of actin’s 
polyelectrolyte nature further revealed a wide range of accessible network patterns 
indicating that both aspects of actin networks need to be considered carefully in order to 
properly understand the self-regulation of the cellular actin cytoskeleton. 
 
This thesis is structured as follows
5
. First a very general introduction to fundamental 
epistemological concepts provides a proper definition of key terms commonly used in the 
context of emergent complexity (section 2.1). For a general background, section 2.2 presents 
a brief introduction to the cytoskeleton. The current picture of biopolymer pattern formation 
is then reviewed in section 2.3. 
Following this general background in chapter 2, the thesis is divided into two mostly 
autonomous parts treating two different types of actin networks (chapter 3 and 4)
6
. Both 
chapters comprise an additional background section as well as a detailed description of the 
experimental and theoretical methods applied. My own results are presented and discussed 
including suggestions for possible future continuation. 
First, chapter 3 focuses on Arp2/3 based treadmilling actin networks that are found in form 
of the lamellipodium and lamellum in migrating eukaryotes. In addition to first experimental 
attempts for a proper reproduction of such networks in vitro, a detailed computer simulation 
as well as a mathematical model have been developed and provide a deeper understanding 
of this self-organizing actin polymer film. 
Second, chapter 4 aims at actin network assembly by counterion condensation and depletion 
forces within confined geometries. Here, a novel experimental setup reveals a wide variety of 
bundle actin network structures that all originate from our very simplified biopolymer-linker 
                                                           
5
 Postmodern writing is fairly unpopular in physics (often with good reason, admittedly). I also noted a sparse use 
of footnotes in most physics literature. In the following the footnote’s space shall be used to further entertain or 
inform the reader and to console him of potential boredom at reading the main text which I honestly tried to 
reduce as much as possible. Nevertheless writing a thesis demands many trade-offs and might occasionally scare 
off novices or bore experts.  I hope that the additional footnote dimension
a
 will compensate for this.  
 
a
Since footnotes form a text within the text they can be regarded a textual extra-dimension [Danielewski, 2000].  
6
 These two chapters then both follow the ‘classical’ structure including background, methods, results, discussion. 
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systems. In order to further evaluate the striking regularity of the observed actin bundle 
networks, a first computer simulation is outlined. Additional strong liquid-crystalline effects 
are reported at higher filament densities and can be understood on the basis of liquid 
crystalline theory.  
While both chapter 3 and 4 contain an individual summary and discussion section, the final 
conclusions are drawn in chapter 5. This includes both previous parts and aims at evaluating 
the contributions made within the frame of the present thesis to actin network organization. 
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“…And then came the grandest idea of all! We actually made a 
map of the country, on the scale of a mile to the mile!" 
"Have you used it much?" I enquired.  
"It has never been spread out, yet," said Mein Herr: "the 
farmers objected: they said it would cover the whole country, 
and shut out the sunlight! So we now use the country itself, as its 
own map, and I assure you it does nearly as well.  
Mein Herr in Lewis Carroll’s “Sylvie and Bruno Concluded” 
2 General background 
The last decades brought the issue of complex systems and systems far from thermodynamic 
equilibrium into focus, in physics as well as in many other scientific fields. Since many key 
terms for characterizing and approaching such complex systems are quite often used in a very 
vague manner, I decided to explicitly introduce the most important key terms (section 2.1). 
In my thesis I studied the organization of actin networks with actin representing a 
semiflexible polymer, a polyelectrolyte as well as one of the most essential cytoskeletal 
components. Actin is briefly introduced in section 2.2 containing a short overview of the 
cytoskeletal context, its structure, and its regulation.  
Finally, the current state of biopolymer-based pattern formation is reviewed in section 2.3 
and is later used to evaluate my own results regarding actin network formation. 
2.1 General concepts 
Self-organization, emergence, complexity are terms that today are used from gases to socio-
economic systems and from particles to galaxies. During the last decades not only the 
philosophical debate on what complexity and life is advanced but also did the scientific 
means which are inseparably connected with a rapid evolution of computational and 
experimental techniques.  
Due to the many different disciplines involved and the fields’ novelty many important terms 
or concepts are used in different ways such that precise interdisciplinary terms are not yet 
established nor is there any common consensus on how to gain knowledge out of excessively 
complex systems delivering masses of data. On the one end of the spectrum the still 
relatively new field of systems biology aims to integrate the large number of biochemical 
interactions by means of network theory. On the other far end of the spectrum lie bottom-up 
approaches using reconstituted systems to reduce the complexity by reducing the number of 
interacting elements. Seen individually, both methods run into trouble gaining reliable 
knowledge as they always risk over-simplification, albeit on a very different scale. 
Reconstituted systems typically struggle not to miss key elements while the network 
approach has to drastically simplify the interactions between individual elements. 
Fortunately, both approaches work complementary and can back each other. In an iterative 
fashion, the complex network analysis reveals functional groups and thus guides our focus to 
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potential key elements. Precisely these elements can then be used in bottom-up approaches 
to reconstitute functional units. Thereby gained knowledge on the elements’ interplay 
consequently flows back into the network analysis [Katagiri, 2003]. 
In the following sections I will try to give explanations and definitions of some conceptual key 
terms that will be used throughout this thesis. Towards the end (section 5) I will try to 
interpret my research findings with respect to these concepts. 
 
 
 
 …if he started boring on about the whole being greater than 
the sum of its parts, I would interrupt him: ‘Never mind about 
that, tell me how it works.’ 
We peel our way down the hierarchy, until we reach units so 
simple that, for everyday purpose, we no longer feel the need to 
ask questions about them. 
Richard Dawkins (in “The blind watchmaker7”) 
2.1.1 Coarse-graining as hierarchical reduction 
Although it is widely agreed on among scientists that the world in its fundaments is held 
together by fundamental physical laws and although from a physics perspective the 
fundamental material properties are astonishingly well known today, we still seek out for 
chemists when we want to know how to oxidize a given substance and we still consult a 
physician when we are sick.  
At this point, I certainly do not want to enter the intensive debate conducted in philosophy 
and science concerning the question whether or not the entire world could at least ‘in 
principle’ be described based on fundamental physics. If new, orders of magnitude faster 
computers facilitate the modeling of a gas from quantum mechanics (or elementary particle 
physics), they might provide little more than simply a basic consistency check showing us that 
the discovered fundamental laws are sufficient to account for the behavior on the larger 
scale. Arguably the more important understanding
8
 is gained by condensing the statistical 
behavior through introducing the quantities temperature, pressure and volume to describe 
the gas.  
                                                           
7
 Later I cite Richard Dawkins’ book as the potential origin of the term ‘hierarchical reductionism’. To put this book 
a little better in perspective, however, I want to give another Dawkins quote: ‘Physics is the study of simple 
things…’ with which I do not agree (I believe that since soft matter or biological physics at the latest, physics finally 
confronts ‘complex’ issues as well). 
8
 At this point one easily gets involved into complex epistemological discussions that I will largely avoid here (for 
many reasons). Physicists usually distinguish knowledge (e.g. facts, experimental data) from understanding 
(such as theoretical models that provide causal explanation of data). This largely agrees with the philosophical 
position of [Kvanvig, 2003]. I am aware, however, of the vagueness of something like a “more important 
understanding”. To adequately define or even classify knowledge and understanding it would be necessary to 
enter much more profoundly the epistemological discussion and I apologize for not being able to do so. To 
compensation for this lack of philosophical depth let me at least recommend some very valid sources to further 
pursue questions concerning knowledge and understanding: [Pritchard;Kvanvig, 2003]. A further related 
recommendation on causality and explanation is [Salmon, 1998].  
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With good reason physicists avoided exceedingly complex systems for a long time since they 
obstruct the development of an intuitive understanding and complicate further abstraction of 
the system. Both steps, however, are essential for a physicists approach. In the following I will 
refer to levels of complexity which directly refers to physical scales in order to avoid circular 
argumentation when we later on use the term emergence [Ryan, 2007]. Typically the higher 
level contains the lower level which is why the complexity necessarily increases towards the 
higher levels. When comparing only two levels of complexity it is also adequate to speak of a 
respective micro- and macrostate. 
Going from smaller to larger scales (i.e. from lower to higher levels of complexity), entirely 
new properties become apparent [Anderson, 1972]. Based thereupon the term hierarchical 
reductionism refers to the description of a given system only on the basis of the next lower 
level of complexity [Dawkins, 1996; Schuster, 2007]
9
. Adapting language common for 
computer simulations, this reduction could also be called coarse-graining, i.e. the resolution 
is reduced on purpose to lose the details of the lowest levels. To understand how a program 
works and what it does, it is enough to look at it on the level of the programming language. 
Inclusion of every single transistor would make the situation substantially more complicated 
and would (in most cases) not even result in a better understanding of the programs 
outcome.  
In physics the most fundamental understanding generally lies in the ability to trace back the 
highest scale behavior to the fundamental laws on the lowest scale. This aim can in principle 
be obtained by dissecting (i.e. reducing) the hierarchy of levels into smaller subsystems. 
These subsystems need to be closed in the sense that its highest level is entirely determined 
by its lower levels. As proposed in Huber et al. [Huber et al., 2011] I will consequently label 
them ‘causally reducible systems’. Let Li be different scales the larger and more complex, the 
higher the index giving 
L1 → L2 → L3 → L4. 
If L2 is completely described by laws of L1, L3 by laws of L2, and L4 by laws of L3, then the level 
L4 should be fundamentally understood in terms of laws of L1. Against first intuition
10
 this 
does not necessarily require directly describing L4 in terms (or language) of L1. In such an ideal 
system the hierarchy of levels can be reduced to the level of interest plus its next lower one. 
Unfortunately, in many cases the choice of an adequate subsystem for reduction is far from 
trivial. Usually a level Li is not entirely determined by the laws from Li-1. While it is true that 
single molecule behavior has not to be considered to understand most hydrodynamic effects 
[de Gennes et al., 2004], single molecule arrangements will determine the shape of a 
macroscopic snow flake. So in certain cases one encounters direct links that span more than 
one layer of complexity. Hence one can coarse-grain the system of choice (without major loss 
of information) as long as one does not miss substantial lower level effects. Knowledge is also 
accessible from open sub-systems, yet it will not be sufficient to build a complete 
                                                           
9
 After choosing the term ‘hierachical reduction’ a quick internet research brought me directly to Richard Dawkins’ 
book „The blind watchmaker” (of which I was not aware before) as the potential inventor of this term. Since his 
notion of this term pretty much fitted to my own idea of it, I decided to stick to it [Huber et al., 2011].  
10
 Considering standard examples from physics it often might not even appear so counter-intuitive. One possible 
physics example is a diluted gas. Atoms and nuclei are understood on the particle physics level, entire atoms and 
small molecules on the quantum mechanical level, and the gas itself on a molecular physics level. I never heard of 
a physicist trying to describe the gas behavior using quantum field theory (or similar approaches)… 
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fundamental picture. Considering the focus on cytoskeletal systems one possible hierarchy 
that I will refer to throughout this thesis is: 
molecule → filament → network → cell → tissue 
Each higher level is formed by lower-level elements and the properties of every level vary 
from their respective lower level [Ellis, 2006]. 
 
 
…all biology is now about molecules.  
Richard J. Epstein in “Human molecular biology” 
 
…one cannot fully understand biology without understanding 
its molecular basis. This is a very popular attitude today, but it 
fails because of the fact that function can be independent of 
composition in biology, and because it does not take into account 
the interactions of components. 
Lynn J. Rothschild in “The re-emergence of emergence” 
2.1.2 Functional modules and redundancies 
The concept of functional modules (or functional units) attracted much attention since the 
1980s and has become a common term in many scientific fields, notably in biology and 
philosophy of science. More recently the term seems to gain importance in the cytoskeleton 
related soft matter community as well [Bausch and Kroy, 2006]. Modularity is closely related 
to the hierarchical reductionism introduced before although it largely represents a different 
perspective and both descriptions typically result in very different model language.  
While hierarchical reductionism features an intra-modular perspective, the functional 
modularity focuses more on the inter-modular perspective. In this sense both concepts can 
largely be used complementarily. 
  
 
Figure 2.1 Different perspectives of functional modularity and hierarchical reductionism. While hierarchical 
reduction aims at dissecting a module’s function according to different physical scales, the functional modularity 
perspective is focused on inter-module interactions regardless of their respective level of complexity. 
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According to Raff [Raff, 1996] modules in biology can be defined using four basic criteria 
being autonomy, hierarchical structure (possibly part of an even larger hierarchical entity), 
physical location, and connections to other modules.  Following the first two criteria a 
functional module to some extend corresponds to an aforementioned causally reducible 
system. Physical location as well as connections to other modules, however, only matter for 
functional modularity. 
Whereas hierarchical reductionism aims at finding the minimal level that serves as a basis for 
a loss-free microscopic description of the system, the modularity concept establishes the 
functional module as an autonomous entity independent of its microscopic structure. As their 
name suggests, functional modules are chosen for and at the same time characterized by 
their function within a larger context. This means that the main focus clearly lies on the 
module’s function and not so much on the module’s internal architecture. Following the 
common usage, however, the distinction between functional modularity and hierarchical 
reductionism is far from being clear-cut and can in some cases even refer to the same 
approaches. 
By reduction to interacting functional modules it becomes possible to strongly reduce the 
complexity of a given system which nicely applies to biological systems [Hartwell et al., 1999]. 
In contrast to the hierarchical reductionism a full microscopic understanding is not the most 
important aim but the more intuitive understanding of a bigger system.  
Since modules are defined according to their function, they might inherently contain 
redundancies to secure a higher insensitivity against minor perturbations. In biological 
systems redundancy is a very common feature and many important genetic sequences exist 
in multiple copies [Ihmels et al., 2007]. Another way to install redundancy is in form of 
alternative mechanisms that show functionally similar output and exist in parallel. Both 
realizations can potentially be integrated within a single functional module. 
 
2.1.3 Emergence 
Whenever the concept of emergence is broken down to a single sentence explanation, 
people tend to adapt Aristotle’s ‘the whole is more than the sum of its parts’. This is also the 
point where the consensus ends. When looking for more precise definitions it quickly 
becomes apparent that they vary strongly between different fields but also from author to 
author [Clayton and Davies, 2006; Halley and Winkler, 2008b]. For this thesis
11
, I will largely 
agree with Ryan [Ryan, 2007] stating that emergent properties are present in the respective 
macrostate but are absent on the underlying microstate. Emergence is the process leading to 
novel emergent properties [Ryan, 2007]. As mentioned above, micro and macro do refer to 
different levels of complexity or different levels of abstraction (see section ‘Coarse-graining as 
hierarchical reduction’).  
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 For the purpose of this thesis the definition of emergence given by Ryan suffices [Ryan, 2007]. If not classified 
further, however, emergence necessarily remains a very wide term that does not allow to precisely discriminate 
between differing phenomena. For this reason numerous authors try to further distinguish different types or 
classes of emergent properties which in some cases might help to better delineate emergent phenomena 
[Deacon, 2006;Ellis, 2006;Ryan, 2007;Halley and Winkler, 2008b].  
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Many different examples are commonly used to intuitively illustrate the term emergence. 
The terms temperature or pressure commonly know from thermodynamics for instance, do 
make little sense when looking only at a single atom just like a single fish will never show 
swarm behavior. A very instructive illustration for emergent properties that goes beyond the 
most intuitive level is the cellular automata
12
.  
The microstates are the single cells which follow simple and completely determined rules like 
in the famous ‘game of life’ [Gardner, 1970] (Figure 2.2). Although the single cell behavior is 
undoubtedly very simple, the complex interaction of several hundreds of cells is not. Many 
different algorithms are capable of producing highly complex patterns out of very simple 
rules (Figure 2.2) so that cellular automata became a common model for emerging 
complexity [Wolfram, 1984]. 
 
Figure 2.2 Cellular automata as an example for emergent behavior. The frames show the state of the system for 
two algorithms at different times and originate from the same initial state (Initial). Squares (cells) are activated 
(born) when they have b neighbors and survive as long as they have s neighbors. Frames A1-A3 were obtained 
with ‘Conway’s Game of Life’ algorithm (s = 2,3; b = 3), frames B1-B4 follow the ‘Coagulation’ algorithm (s = 
2,3,5,6,7,8; b = 3,7,8). Images were generated with MJcell v1.5.  Cells are color coded along their age with yellow 
for novel cells and red for old cells. 
A similar analogy are certain reaction-diffusion systems. Here again, simple rules quickly lead 
to surprisingly complex behavior [Pearson, 1993]. Both systems are able to generate highly 
complex chaotic as well as regularly ordered patterns
13
 and both systems can be of 
dissipative as well as non-dissipative nature. Energy dissipation is a key attribute and is 
directly linked to the important concepts of self-organization and self-assembly that I will 
briefly introduce in the following. Although self-organization, self-assembly and emergence 
are all closely linked and self-organization and self-assembly indeed can lead to emergent 
properties the terms are by no means identical and thus should not be used as synonyms 
[Ryan, 2007]. 
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 That their behavior is non-trivial is also reflected by the fact that self-organized criticality was first demonstrated 
using a ‘simple’ cellular automaton [Bak et al., 1987]. 
13
 The terms “pattern” and “order” (to some degree ‘organization’ as well) are broadly used without any strict 
consensus definition, in particular not for “order”. Patterns include repetition (in space or time…), i.e. correlation. 
But this remains a very vague characteristic open for all kind of phenomena. Thus I will mostly use these terms as 
they are used intuitively in common language. 
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2.1.4 Self-organization and self-assembly 
Unfortunately, the two terms are often used interchangeably
14
 or are understood differently 
in the various disciplines. The rising importance of complex systems, however, demands a 
clear distinction of both terms. For this thesis, I agree with the definitions given by Halley and 
Winkler [Halley and Winkler, 2008a] for self-organization:  
‘Self-organization is a dissipative non-equilibrium order at macroscopic levels, 
because of collective, nonlinear interactions between multiple microscopic 
components. This order is induced by interplay between intrinsic and extrinsic factors, 
and decays upon removal of the energy source.’ 
 
And for self-assembly: 
‘Self-assembly is a non-dissipative structural order on a macroscopic level, because of 
collective interactions between multiple (usually microscopic) components that do not 
change their character upon integration into the self-assembled structure. This 
process is spontaneous because the energy of unassembled components is higher 
than the self-assembled structure, which is in static equilibrium, persisting without the 
need for energy input.’ 
 
Hence, self-assembly is distinguished from self-organization mainly by the free energy. It is 
important to realize that both terms usually only refer to pattern or structure formation. In 
this sense, mechanical properties cannot self-organize or assemble. They can, however, arise 
from self-organized or assembled order
15
. 
Classical biophysical examples for self-assembly are phospholipid-based membrane and 
vesicle formation [Israelachvili, 1991] as well as liquid crystalline pattern in biopolymer 
solutions [de Gennes and Prost, 1995]. Well-known examples of self-organization are bacteria 
or mold pattern formation but also include active cytoskeleton based processes such as 
spindle organization, all of which constantly dissipate energy.   
 
 
What I cannot creat I do not understand.  
Richard Feynman on the “Last blackboard” 
2.1.5 Bottom-up and top-down 
Aiming for a deeper understanding of living systems one can distinguish two main 
experimental strategies, commonly referred to as top-down and bottom-up approaches 
[Pinot et al., 2009]. To avoid confusion it should be mentioned that the terms bottom-up or 
top-down are also used to describe causation within the previously mentioned hierarchy of 
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 As embarrassing as it is: I probably did so by myself when publishing my first paper which refers to self-assembly 
in its title. After closer inspection, this might not be entirely wrong, but self-organization would have been a much 
better choice. 
15
 Self-organization and self-assembly are also used by some authors to further distinguish different subclasses of 
emergence [Halley and Winkler, 2008b]. Another interesting set of several subclasses was introduced by Clayten 
and Davies [Clayton and Davies, 2006]. 
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levels of complexity
16
. In a bottom-up approach functional modules are reassembled or 
synthesized using elements of the underlying level(s) of complexity [Loisel et al., 1999; 
Carlsson, 2005]. Bottom-up approaches are often used to built biomimetic systems, but also 
form the foundation of synthetic biology
17
. My focus will be on biomimetic systems where 
the major goal is to understand functional biological modules by (partially) reassembling 
them within a controllable environment from more basic components. Behind this 
biomimetic strategy often lies an engineer’s perspective as it was nicely formulated by 
Richard Feynman (see above-mentioned quote; [Feynman, 1989]). A beautiful and instructive 
example concerning the cytoskeleton is the reconstitution of listeria motion in the ‘bead 
motility assay’ [Oliver et al., 1999; Pantaloni et al., 2000; Mogilner and Edelstein-Keshet, 
2002]. These experiments marked an important step in the understanding of actin based 
motility and gave access to controlled variations of single parameters. By selecting for 
fundamental key ingredients, reconstituted systems furthermore allow to strongly reduce the 
complexity of larger systems. This makes them more easily accessible for microscopic 
modeling attempts when compared with in vivo living systems. 
The top-down approach represents an opposite strategy. Instead of going from more basic 
elements towards a more complex situation, the top-down approach aims at understanding a 
highly complex system by selectively modifying few components [Pinot et al., 2009]. This 
approach became a completely new perspective with the growing possibilities of modern 
genetics. Knock-down or knock-out experiments are typical examples for the top-down 
approach. Thereby, entire animals as well as simpler model organisms (e.g. yeasts) are 
genetically modified to study the role of individual components and to find functional key 
elements. 
In some occasions the terms top-down and bottom-up have also been used for theoretical 
models (e.g. [Kollmannsberger and Fabry, 2010]). Usually, top-down then refers to 
phenomenological models and bottom-up to microscopic models. In my thesis, I will stick to 
the distinction of phenomenological from microscopic models and I will use the terms top-
down and bottom-up approach for experimental attempts. 
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 Bottom-up and top-down approaches need to be carefully distinguished from bottom-up and top-down 
actions in order to avoid confusion and misinterpretations. The approaches refer to explorative approaches or 
strategies, while the actions classify causal structure. Via bottom-up actions elements from a lower level of 
complexity affect one or more elements on a higher level of complexity. In a top-down action higher level 
elements directly change the state of lower level elements [Ellis, 2006].  
17
 Synthetic biology is a newly emerging discipline largely using the same methods and concepts than in 
biomimetic systems, however the focus is different and lies more in creating novel behavior and functions 
[Andrianantoandro et al., 2006]. 
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The question then is, what have we in the aqueous extract of 
dried muscle? 
W.D. Halliburton, 1887. 
A discovery is said to be an accident meeting a prepared mind. 
Albert Szent-Györgyi 
2.2 The cytoskeleton 
The cytoskeleton is a polymer fiber based scaffold spanning the cell interior which apart from 
its biological importance is particularly fascinating for a physicist due to two key features. 
First, cytoskeletal systems are highly dynamic, enabling rapid adaptive organization while at 
the same time they remain well-ordered. Certainly, this is only possible due to permanent 
energy consumption hence presenting a system far from thermodynamic equilibrium. 
Second, although the fundamental building blocks are almost identical for most animal cells, 
their cytoskeleton induced morphology differs substantially. The same extreme variability is 
found within single cells where the cytoskeleton organizes locally into many different 
structures out of a shared pool of cytoskeletal ingredients. This poses the question of how 
functional and structural differentiation can be regulated.  
The central elements of the cytoskeletal scaffold are three biopolymer materials all of which 
form micrometer long fibers or filaments that are comprised of many individual monomers 
(Figure 2.3). Differences in the filaments’ internal architecture result in a wide variation of the 
filaments’ bending rigidity
18
. The microtubules are very rigid polymer tubes that typically 
appear as individual fibers. They are commonly associated with organelle positioning and 
intracellular transport.  Actin filaments are semi-flexible polymers appearing in form of 
various crosslinked networks. Actin filaments form the most dynamic of all cytoskeleton 
structures and consequently actin networks are able to undergo rapid changes. They 
determine the shape of the cell and are essential for cell migration. Intermediate filaments 
are a more inhomogeneous class of biopolymers that gives cells mechanical strength by 
forming extended networks [Kreplak and Fudge, 2007]. 
Organization and dynamics of these three polymer materials are largely determined by the 
complex interplay with numerous accessory proteins which can nucleate, sever, crosslink, 
weaken, strengthen or transport individual filaments (see Figure 2.6) [Alberts et al., 2007].  
Despite the large variety of different cytoskeletal reactions only two essential processes drive 
the cytoskeleton in a dissipative manner being fueled by triphosphates (ATP or GTP): 
Hydrolysis powered de-/polymerization of filaments and molecular motor driven 
filament/motor transport. 
All three biopolymers substantially contribute to the cellular morphology and mechanical 
properties as well as to its functional organization [Alberts et al., 2007]. The present work, 
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 Measuring material properties of cytoskeletal elements has been one key obsession of biological physics for the 
last decades. Many different methods have been invented to get a handle to these nanometer thick fibers and can 
either probe actively or passively. The most common active probing techniques involve optical tweezers which 
allows to actively bend individual fibers or larger structures. Passive probing means probing by thermal 
fluctuations. Here, the fluctuations of individual filaments are observed as a result of these stochastic thermal 
forces. This is usually either done by observing the filaments contour or its end-to-end distance and relating it to 
the wormlike chain model [Isambert et al., 1995].  
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however, focuses on the actin cytoskeleton. For this reason actin in particular will be 
presented in more detail
19
.  
 
Figure 2.3 The three major types of biopolymers constituting the cytoskeleton. The three polymer types at the 
same time represent different stiffness regimes which largely results from their differing filament architecture. 
Adapted from [Huber, 2011] with source material from [Moores et al., 2006; Alberts et al., 2007; Kreplak and 
Fudge, 2007]. 
2.2.1 From actin monomers to filaments 
The fundamental importance of actin for living cells is already reflected by the typically high 
actin content of cells in comparison to most other proteins [Pollard et al., 2000] and the 
extremely high conservation across different species
20
. Being highly conserved, however, 
does not mean that one only encounters one identical form of actin. Apart from small 
variations among species, higher eukaryotes contain different actin isoforms. There is 
evidence that the different actin isoforms cannot completely substitute for one another in 
vivo [Khaitlina, 2007]. Nevertheless, actin’s structure and functionality persists independently 
of the isoforms and hence in this thesis I will not further discriminate the different actin 
forms. In most cases mammalian skeletal alpha actin is meant when speaking of actin. 
In the last decades the detailed knowledge of the molecular structure and functioning of 
actin rapidly evolved. Although it forms the basis of actin’s biochemical properties, I will 
largely ignore the sub-monomer level of actin and rather focus on the scale of monomers and 
higher structures
21
. In the light of the before introduced hierarchical reduction the sub-
monomer level presents a causally reducible system for most occasions (section 2.1.1). By 
transferring characteristic attributes originating from the sub-monomer level to the 
monomer level, the sub-monomer level can largely be ignored on higher scales. For a physical 
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 Although the specific proteins vary largely, many analogies in terms of function can be drawn for intermediate 
filaments and even more for microtubules [Huber et al., 2011]. 
20
 Particularly high actin concentrations are found in muscle cells which certainly is the reason for the 
comparatively early discovery of actin (and myosin) as fundamental building blocks of living cells. For a detailed 
historical review on the early discoveries of actin-myosin contractions see [Szent-Györgyi, 2004], the later 
historical development see [Cooke, 2004]. 
21
 The sub-monomer level is a highly fascinating area, though, and it should at least be mentioned, that the full 
protein structure of actin monomers was first revealed in 1990 by Kabsch et al. [Kabsch et al., 1990]. Further 
structural analysis finally even allowed simulations of multiple monomers of actin in all-atom simulations [Chu and 
Voth, 2005]. 
Florian Huber  ||| Emergent structure formation of the actin cytoskeleton  -17- 
understanding of actin network architecture or mechanics it will be enough to reduce actin 
monomers to roughly spherical objects with a diameter of about 5 nm [REF]. Few additional 
key features resulting from the atomic structure further need to be introduced. First, the 
monomers already are polar structures, having a cleft and an actin binding site on one side 
(minus-end) and another binding site on the opposite side (plus-end) (Figure 2.4). Second, the 
monomers shape and functionality varies depending on the nucleotide state complexed in 
the cleft, being either ATP, ADP+Pi or ADP 
22
 (ATP/ADP – adenosine triphosphate/ 
diphosphate). 
 
Figure 2.4 A single actin monomer is depicted in a ribbon representation (A) and a surface representation (B). Ca2+ 
ions are drawn as light spheres and an ADP nucleotide is bound in the monomer’s ‘cleft’ located in the center of 
the four subunits (A). The monomers show the inherent ability to assemble into helical actin filaments (C). The 
monomer’s polarity then gives rise to the overall polarity of assembled actin filaments resulting in two structurally 
(and kinetically) different filament ends, the typically faster-growing plus-end and the minus-end. Figure adapted 
from Schuldt [2009] and Splettstoesser [2006]. 
As mentioned above, actin monomers have the ability to assemble into actin filaments. 
Unlike microtubules or intermediate filaments, actin filaments always assemble in the same 
double helical fashion. The monomers’ polarity is conserved within the filament structure 
with all monomers pointing towards the same direction resulting in a filament plus and 
minus-end (Figure 2.4).  Binding and unbinding rates of monomers to an existing filament 
depend on the nucleotide state of the respective monomers and in addition are different for 
the plus and minus-ends [Howard, 2001]. Different biochemical approaches have meanwhile 
drawn a very detailed picture of the assembling and disassembling kinetics of pure actin [Chu 
and Voth, 2005; Fujiwara et al., 2007; Bugyi and Carlier, 2010]]
23
. When referring to these 
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 It further depends on whether Mg2+ or Ca2+ is located within the binding cleft [REF] but again this doesn’t 
interfere with the focus of this thesis. 
23
 Although the rates known to date are still not fully consistent. Without ATP hydrolysis the polymerization 
dynamics should behave like an equilibrium polymer with identical critical concentrations for both ends [Howard, 
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rates one should keep in mind that they are only valid in the presence of already existing 
filaments. The initial formation of actin filaments presents a kinetically different phase mainly 
because fragments of less than five monomers show off-rates that are orders of magnitude 
higher than off-rates for fully formed actin filaments [Sept and McCammon, 2001]. This 
renders small fragments very unstable and in the absence of preformed filaments leads to 
the observation of a characteristic lag phase during in vitro actin polymerization [Cooper et 
al., 1983; Sept and McCammon, 2001].  
ATP is commonly depicted as ‘fuel’ for a number of cytoskeletal and cellular reactions
.
. In 
principle, this makes sense because ATP is a carrier of chemical energy which is set free when 
it spontaneously hydrolyses into ADP
24
. The fuel description nicely fits for molecular motors –
like myosins for instance- which only exert forces when ATP is present and are stalled when it 
is not. In the case of actin polymerization, however, the generic function of ATP is less 
obvious since actin filaments do also form in pure ADP conditions simply demanding a higher 
monomer concentration. Plus-end kinetics are faster than minus-end kinetics for both ATP 
and ADP conditions, although ATP notably increases the plus-end growth rate [Pollard et al., 
2000]. More interestingly, the spontaneous hydrolysis of ATP within the filaments subunits in 
conjunction with the different binding rates at both ends creates a system out of equilibrium. 
One possible consequence is the existence of a non-equilibrium steady state called 
treadmilling, where actin growth at its plus-end and shrinks from its minus-end 
25
.  
 
Figure 2.5 Actin filaments display a randomly fluctuating plus-end region (‘plus-end cap’) consisting of ATP-,ADP-
Pi- and ADP-subunits (a). All three monomer types differ in their binding kinetics which can enhance plus-end 
length fluctuations. While after time t the filament has on average grown by j times t added monomers, the actual 
length spreads with (2Dt)
1/2
 (b). Figure taken from [Vavylonis et al., 2005]. 
                                                                                                                                                                        
2001]. The respective critical concentrations measured, however, differ for plus and minus end [Fujiwara et al., 
2007]. 
24
 The equilibrium constant for the reaction  ⇄  + 	 is 
 =  


≈ 5 ∙  10  ,telling us that 
the products  and 	  are strongly favored. This constant, however, varies significantly with pH and ionic 
strength. The free energy of this reaction is ∆ =  ∆ −  " ln


 hence depends on the actual phosphate 
concentrations. Under common conditions one typically ends up with an energy release of around 25 " per 
hydrolyzed ATP [Howard, 2001]. 
25
 Without ATP hydrolysis polymer dynamics tend towards an equilibrium state where total net growth and 
shrinkage at both ends cancel out. 
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While this state is a thermodynamically interesting one, the classical textbook case of single 
filament treadmilling is misleading. The cartoon textbook picture of a treadmilling filament is 
based on continuous addition of monomers to the plus-end and continuous loss from the 
minus-end. On the single monomer level, however, binding rates only give us probabilities for 
the addition or loss of individual monomers. The same is true for ATP hydrolysis itself
26
. 
Although the long time or large ensemble average might still resemble treadmilling, 
individual filaments will display substantial assembly/disassembly fluctuations that are far 
less trivial (Figure 2.5) [Vavylonis et al., 2005].  
The actual fuel function of ATP nevertheless lies precisely in its ability to generate persistent 
steady states of kinetic polarity, with single filament treadmilling being one possible 
realization. If the (average) single filament treadmilling velocity is estimated based on the 
measured rates, however, it becomes apparent that treadmilling is a surprisingly slow 
process when compared to typical in vivo timescales because it only takes place at very low 
actin concentrations
27
. The last decades revealed numerous actin accessory proteins able to 
dramatically shift the treadmilling state towards much higher actin concentrations and hence 
much shorter timescales. Thereby actin treadmilling turns into a major active process within 
living cells. Based on the high actin content of most cells and the very fast turnover rates 
(only when being enhanced by numerous accessory proteins), the overall actin 
assembly/disassembly dynamics result in substantial energy consumption. In mammalian 
cells this can reach up to ~50% of the total ATP consumption [Daniel et al., 1986; Bernstein 
and Bamburg, 2003].  
Before introducing some of the most relevant actin accessory proteins, I would like to discuss 
the mechanical aspects of actin filaments and subsequently the related issue of 
polymerization based force generation. 
In polymer physics compound molecules are usually classified by their persistence length &', a 
measure of the polymers’ resistance against thermal fluctuations. The tangent vector t  along 
the polymer’s contour can be used to characterize the polymer according to the correlation 
between two points so that a correlation function can be established which decays 
exponentially with p  as decay constant: 
t( )·t( ) ( ( )) ;0 0
p
s
s cos s exp s Lθ  = = − ≤ ≤ 
 
 
For small persistence lengths - in comparison to the contour length ( - polymers are 
considered to be flexible because due to thermal motion they squirm or coil randomly. 
Semiflexible polymers have a persistence length roughly on the order of their contour length. 
When p  is much longer than ( one speaks of stiff rods that only undergo minor thermal 
fluctuations in shape. Nature provides model polymers for all three regimes ranging from 
flexible DNA strands to comparatively rigid microtubules. 
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 At least if one assumes random hydrolysis (instead of vectorial hydrolysis) which meanwhile is largely accepted 
within the biophysics community [Bindschadler et al., 2004;Vavylonis et al., 2005;Brooks and Carlsson, 2008]. 
27
 If we simply ignore the stochastic nature of growth and shrinkage of a treadmilling filament, the rates would 
give a treadmilling rate of ~0.1 monomers per second which implies a time of about 1 hour for a complete cycle of 
a 1 µm long filament.  
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The semiflexible regime is of particular interest for biophysics with key cytoskeleton 
components falling in this particular class. Because entropic or enthalpic interactions along 
their backbone increase their bending rigidity [Kierfeld et al., 2006], biopolymers like actin 
are fundamentally different from most synthetic polymers in their mechanical properties
28
. 
Modeling semiflexible filaments is highly demanding because standard polymer physics 
models like the freely-jointed chain cannot be trivially adapted [Doi and Edwards, 1999]. The 
components of semiflexible polymers behave highly cooperatively such that neighboring 
segments are largely correlated.  
The persistence length is a directly observable property accessible by a number of different 
experimental techniques. For actin, Isambert et al. derived a persistence length of about 9µm 
[Isambert et al., 1995]. Meanwhile the measure stiffness on the filament level can even be 
fully explained based on the sub-monomer level [Chu and Voth, 2005]
29
. Stiffness and 
persistence length hence originate from the molecular level but are not meaningful for a 
single molecule and therefore can be described as an emergent phenomenon (section 2.1.3). 
On the filament level one can largely ignore molecular nuances and commonly people 
describe entire filaments by a number of coarse-grained models that originate from the 
monomer level or above. The most common model for the mechanics of semiflexible 
filaments is the wormlike chain.  
Here, the polymer is represented by an inextensible smooth curve r( )s  of length L . It is 
parameterized by the contour length s . For small deformations, the polymer's bending is 
elastic and obeys Hooke's law, such that the elastic bending energy is  
 ( )21
2
U s
s
θ∆ κ=  
with κ  the bending stiffness. The bending stiffness circumvents the temperature 
dependency of p  by multiplying the thermal energy to the persistence length resulting in 
pkTκ =  .The statistical properties of the wormlike chain are then determined by the total 
(elastic) energy of the polymer conformation that is described by a free energy functional H : 
 
t
t;
2
0
1
2
L
H ds
s
κ ∂ 
= = ∂ ∫
 
with t( ) r /s s= ∂ ∂  the tangent vector and κ  the bending stiffness [Saitô et al., 1967; Kroy and 
Frey, 1996].   
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 Synthetic polymers are usually flexible and appear in highly curled and folded conformations. Intermediate 
filaments, actin, and microtubules are all relatively stiff and thus remain in a largely extended configuration. 
29
 As to be expected the mechanical properties of biopolymer filaments are largely determined by their molecular 
buildup and architecture. Recently, molecular dynamics simulations could also consistently reproduce the much 
higher stiffness of microtubules [Wells and Aksimentiev, 2010]. 
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2.2.2 Accessory proteins and actin networks 
Apart from molecular motors all other actin accessory proteins influence the filament or 
network properties without consuming ATP. Their regulative functions can roughly be 
classified as modification of polymerization dynamics, crosslinking, or filament nucleation 
(Figure 2.6).  
 
Figure 2.6. Actin filaments are helical polar structures with a ‘plus’ and a ‘minus’-end and are built from actin 
monomers. Various ways have been discovered how accessory proteins modify actin filament dynamics. In this 
sketch representative accessory proteins are classified according to their function into the three categories 
‘Nucleation regulation’, ‘Crosslinking’, or ‘Polymerization regulation’. Figure as printed in [Huber et al., 2011]. 
The previous section quickly introduced the assembly and disassembly of actin filaments in 
pure actin conditions. In the more complex living cell environment the situation becomes 
even more interesting since nature found many ways to alter this polymerization process via 
accessory proteins (Figure 2.6).  
As mentioned before, the spontaneous assembly of free monomers to an initial filament is an 
unlikely thus slow process due to the instability of the intermediate states [Sept and 
McCammon, 2001]. In the living cell the probabilities for spontaneous nucleation are further 
reduced by sequestering proteins that permanently occupy one binding site of actin 
-22- 
monomers and thereby prevent monomers from forming first oligomers [Pollard et al., 2000]. 
By doing so, the cytoskeletal system generates a very pronounced bottle neck for initial 
filament generation that makes all additional nucleation enhancers a very powerful regulative 
mechanism. The last 10-15 years indeed revealed a key role of such substances for actin-
based cytoskeletal systems [Bugyi and Carlier, 2010; Firat-Karalar and Welch, 2011]. Towards 
the end of the 1990s a protein complex named Arp2/3 was discovered to efficiently nucleate 
actin filament formation [Mullins et al., 1998; Pollard et al., 2000]. Till today Arp2/3 probably 
remains the best studied and one of the most relevant actin nucleators found. Arp2/3 
activation was revealed to be the key trigger mechanism for the formation of highly dynamic, 
large-scale actin networks (e.g. the lamellipodium I will later discuss in more detail). 
Following Arp2/3 discovery, two further classes of nucleation enhancers were found, the 
tandem-monomer binders and formins [Firat-Karalar and Welch, 2011]
30
. Formins in 
particular attracted much attention and seem to fulfill very fundamental functions in living 
cells, too [Pollard, 2007; Bugyi and Carlier, 2010]. 
 
Figure 2.7 Mean polymerization rates of actin plus-ends (red) and minus-ends (blue) in dependence of the actin 
concentration and in the presence of different accessory proteins. (A) Absence of accessory proteins results in 
very slow filament turnover. (B) Addition of ADF/cofilin enhances filament disassembly and thereby shifts the 
steady-state to higher actin concentrations. (C) Plus-end capping affects the number of growing ends which 
changes the curves slope and in combination with ADF/cofilin (D) leads to very drastic changes of the steady-state 
conditions. Furthermore, the reaction kinetics depend on the kinetics of ATP hydrolysis (E). Figure adapted from 
[Bugyi and Carlier, 2010]. 
The second major type of accessory proteins is involved in the regulation of the filament 
turnover dynamics. In the vast majority of cases the polymerization velocity is only 
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 Especially the ‘class’ of tandem-monomer binders appears highly inhomogeneous and contains strongly 
differing elements.  
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dependent on the available monomer concentration
31
. A fundamental strategy to create a 
steady state out-of-equilibrium with higher turnover rates (when compared to single filament 
treadmilling) lies in lowering the critical concentrations at the minus-ends by promoting 
minus-end disassembly (e.g. by ADF/cofilin, see Figure 2.7 c,e). Capping proteins bind with 
high affinity to plus-end which stops their further elongation and thereby increases the 
number of monomers available per freely growing plus-end (often described as funneling, see 
Figure 2.7 d,e). A more complex situation arises upon severing of existing filaments. In 
principle this generates both a new minus and a new plus-end, but different scenarios exist 
regarding the interplay with end capping. I will later show that depending on the precise 
conditions severing can lead to either a rising net polymerization or a promoted net 
depolymerization (section 3.3.3).  
Finally, another class of accessory proteins are the crosslinkers that bind together filaments. 
Depending on their affinities, crosslinkers either bind (quasi-)permanently or transiently and 
often imply or favor particular binding geometries. Naturally, crosslinking dramatically 
influences the mechanical properties of the cytoskeleton [Gardel et al., 2004]. Here, 
molecular motors are presented as an active subclass of crosslinkers
32
 . Apart from these very 
specific crosslinking proteins other (less specific) binding mechanisms exist, e.g. counterion 
condensation or molecular crowding. Their function has been studied within the frame of this 
thesis and they will be introduced and discussed in detail in section 4.1.  
So far, only a few accessory proteins were mentioned explicitly. To date, much more actin 
accessory proteins and regulating factors are known and their number is very likely to further 
increase within the next years. A first sketch of the major elements involved in actin 
regulation known today is shown in Figure 2.8 and already indicates the enormous 
complexity of the entire cytoskeletal system. Proper regulation of the cytoskeleton by the use 
of accessory proteins is only possible when additional feedback-loops and signaling-cascades 
control parts of this system. Often functional units possess one or few key elements that are 
biochemically switchable and have an active and inactive state such as Arp2/3 [Astumian, 
1997]. These elements are often incorporated into a signal chain that allows triggering. Once 
activated, however, the functional units tend to work autonomously without further external 
regulation [Jurado et al., 2005; Huber and Käs, 2011]. 
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 Exceptions to this rule are formins or an opposing force. Formins directly seem to affect the plus-end growth 
behavior in a non-trivial way [Pollard, 2007;Bugyi and Carlier, 2010]. Opposing forces will also alter the binding 
rates in a non-linear fashion. 
32
 If we would look at intracellular cargo transport this classification would not be appropriate. But regarding 
cytoskeletal architecture and mechanics, motors can only exert forces when they connect a filament to another 
filament (or some other cellular object). 
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Figure 2.8 Current systems biology picture of actin regulation displaying a rather complex intertwined map of 
interacting elements. Image taken from Cell Signaling Technology (cellsignal.com). 
Looking at the persistent, cooperative functioning of hundreds of different proteins, we often 
tend to think of cells as highly complex machines (Figure 2.8) which can be misleading as 
some authors pointed out [Deacon, 2006; Swaminathan et al., 2010]. Whereas a machine is 
designed to fulfill a specific task, an organic system designs itself. Machines are built, 
organisms build themselves. This is exactly what makes life robust and possible. Albeit our 
manner of speaking often sounds differently, cells do not control every little detail and in the 
same way they do not depend on every little detail. Cell migration continues even after 
blocking substantial amounts of molecular motors [Okeyo et al., 2009]. And unlike man-made 
machines, the removal (through knockout or knockdown) of essential molecular components 
in many cases still results in nearly unchanged behavior [Witke et al., 1995; Aranson and 
Tsimring, 2006]. This clearly illustrates the cell’s ability for redundant functional units which 
are not predominantly determined by their molecular but above all by their function (section 
2.1.2).  
In reconstituted bottom-up systems the difference becomes particularly striking. When a 
number of interacting elements is simply ‘thrown together’, highly organized cooperative 
behavior suddenly appears without any top-down designing. Typically the emerging 
properties are highly robust. 
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2.3 Biopolymer pattern formation 
On the sub-cellular level many different forms of spatial and temporal order
33
 need to be 
created out of an extensive reservoir of molecular building blocks. The underlying processes 
can either be classified as self-assembly or self-organization. Facilitated by advanced imaging 
techniques and the growing capabilities of building reconstituted systems within the last 
decades revealed many important examples for both self-assembled and self-organized 
structures within living cells [Misteli, 2001; Karsenti, 2008]
34
.  
When talking about cytoskeletal pattern formation or the emergence of cytoskeletal order, 
this naturally implies a direct connection to mechanical aspects as well. As soon as emerging 
order is associated with network architecture it becomes apparent that the mechanical 
properties are directly coupled to the underlying processes of pattern formation. Yet 
biopolymer networks have so far mainly been investigated using rheological means and much 
less is known concerning structure formation and dynamics [Helfer et al., 2005; Ziebert et al., 
2007].   
Early in vitro observations of biopolymer pattern formation were liquid crystalline order and 
regular stripe pattern found in both purified actin and microtubule solutions [Hitt et al., 1990; 
Kerst et al., 1990; Coppin and Leavis, 1992]. Since then, many more examples of cytoskeletal 
pattern formation have been found in vitro. Particularly with more complex systems 
integrating molecular motors and crosslinkers the variety of accessible patterns dramatically 
increases and leads to the spontaneous formation of structures like asters, spindles, vortices 
or regular networks. 
2.3.1 Random networks and nematic phases  
Despite being strongly reduced with respect to cell-like conditions, pure biopolymer solutions 
already display a multi-faceted behavior constituting a basic frame for cytoskeletal systems of 
higher complexity. Pure polymer solutions without accessory proteins have the advantage 
that details from the molecular level can largely be ignored and ordering phenomena can be 
studied on the basis of the single filament level. Properties like orientational order or 
viscoelastic behavior are absent on the single filament level and only start to make sense 
when assigned on the network (or filament solution) level. Thus they clearly represent 
emergent properties.  
The aforementioned rigidity of biopolymers like actin results in a mainly extended 
configuration (see section 2.2.1). In a first-order approximation the polymers in solution can 
consequently be approximated by rigid rods. Since they typically possess a large length-to-
diameter ratio liquid crystalline behavior can be expected even at moderate volume 
fractions. This was indeed among the first ordering phenomena observed with purified 
biopolymer systems. In both concentrated actin and microtubule solutions nematic order 
could be detected via polarized light microscopy [Hitt et al., 1990; Kerst et al., 1990]. 
Usually liquid crystalline order is described using an order parameter S  that is defined based 
on the second Legendre polynomial leading to 
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 As mentioned before, the terms “pattern” and “order” are broadly used for a wide range of phenomena. In this 
thesis no clear distinction between the two terms is made and they are used synonymously.  
34
 Although the general knowledge of the existence of numerous self-organized and self-assembled entities within 
cells is much older. Bacteria growth or membrane systems are classical examples (see also section 2.1.4). 
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S θ= − . 
The polynomial includes the angle θ  between the elements and the local director which is a 
vector pointing in the averaged direction of the surrounding elements [de Gennes and Prost, 
1995; Donald et al., 2006]. Polarized light is one possible measure to directly probe local 
alignment of filaments and to access S . Further methods to determine the order parameter 
experimentally are single filament imaging and x-ray scattering [Viamontes et al., 2006b]. 
When going from lower to higher densities a clear-cut first-order transition between isotropic 
(I) and nematic (N) phase is expected for an liquid crystalline material consisting of rigid rods 
[de Gennes and Prost, 1995]. Actin filaments do not show such ideal liquid crystal behavior 
due to their semiflexibility. Recent studies consequentially revealed the importance of 
filament length on the nature of the phase transitions. For actin filaments longer than 2 µm a 
continuous I-N-phase transition is observed while for shorter filaments an authentic first-
order transition occurs [Viamontes et al., 2006a]. It was hypothesized that this might be due 
to suppressed relaxation of individual filaments in entangled solutions or filament length 
polydispersity [Viamontes et al., 2006a; Viamontes et al., 2006b]. 
According to Onsager’s theory
35
, an early liquid crystalline model, one would expect to find a 
strong dependence between filament length and the onset concentration for nematic 
ordering (in Onsager’s theory /1 L∝ ) [de Gennes and Prost, 1995]. For biopolymer systems 
experiments indeed revealed a strong correlation of the nematic onset with filament length 
[Suzuki et al., 1991; Coppin and Leavis, 1992; Viamontes and Tang, 2003; Viamontes et al., 
2006a]. Furthermore, flow or shear stress generally tends to align filaments and hence 
strongly reduce the onset concentration [Gentry et al., 2009]. The same is true for surface 
effects which drastically increase the tendency for nematic local alignment [Popp et al., 
2006].  
 
Figure 2.9 Actin zebra-stripes are regular stripes of highly aligned and periodically bend filaments. Regular density 
fluctuations occur due to differently bend regions with high densities in the less bend areas and lower filament 
densities in the highly curved areas (images taken from Gentry et al. [2009]). 
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 According to Onsager's theory for solutions of stiff rods, a transition to nematic ordering will occur at a volume 
fraction of Φ ≈n 4D /L  with D  the diameter and L  the rod length [de Gennes and Prost, 1995]. In the absence 
of accessory proteins actin filaments usually show an average length of 10 µm thus corresponding to a nematic 
transition at around 80 µM in good agreement with experiments [Helfer et al., 2005;Gentry et al., 2009]. 
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Beyond the rather simple arrangements within nematic phases, substantially more 
complicated patterns were found in similarly simple systems. Commonly observed distortions 
of the nematic director are so called zebra-stripes with periodic alterations of the director 
(Figure 2.2). Zebra-stripes have been reported for both actin and microtubule systems 
[Coppin and Leavis, 1992; Liu et al., 2006]. While there has been some speculation that active 
mechanisms could lead to such order [Tabony and Job, 1990] experiments soon could show 
that zebra-stripes can be formed in non-dissipative systems [Coppin and Leavis, 1992] and 
hence can be classified as self-assembled (see 2.1.4). Gentry et al. could further show that 
zebra stripe patterns originate from shear flow [Gentry et al., 2009].  
The extended configuration of actin filaments not only results in liquid crystalline behavior, 
but further leads to strongly suppressed diffusive motion even at comparatively low volume 
fractions. Thermal motion of single filaments is restricted by surrounding neighbors giving 
rise to the so called tube model describing the neighboring filaments’ influence by a tube-like 
cage around the filament of interest [Doi and Edwards, 1999]. The resulting snake-like motion 
along the tube’s contour was first described theoretically as reptation by de Gennes [de 
Gennes, 1971] and was later visualized in experiments using labeled actin filaments [Käs et 
al., 1994]. The time scale on which the tube description typically remains valid is given by the 
reptation time, i.e. the time a filament needs to diffuse out of the initial tube
36
. For semi-
flexible polymers like actin typical reptation times are quite long which results in slow 
relaxation behavior
37
. The slow diffusive motion of single filaments results in remarkably slow 
relaxation dynamics.  
 
 
 
 
 
 
 
Figure 2.10 Tilted cuvettes filled with an actin gel allow 
observing the gel’s flow behavior. Left side: ATP depleted 
conditions lead to non-motile myosin motors that 
essentially function as crosslinkers. Right side: In the 
presence of ATP the motors are active and increase the 
filament transport making the gel significantly more fluid-
like [Humphrey et al., 2002]. 
The filaments’ entanglements effectively result in trapped states leading to viscoelastic 
behavior such that relaxation of imposed stress is strongly delayed [Morse, 1998; Humphrey 
et al., 2002].  At higher filament densities (close to the critical density threshold for nematic 
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 While theoretical approaches typically assume a constant tube diameter, experiments indicate considerable 
diameter variations [Käs et al., 1996;Romanowska et al., 2009] which recently could be described analytically 
[Glaser et al., 2010]. A detailed analysis of tube curvatures revealed a large population of highly bend filaments in 
entangled networks which was not observed for individual filaments and suggest transient entropic trapping in 
network cavities [Romanowska et al., 2009].  
37
 At higher filament densities the transition from an entangled to a nematic phase further changes the diffusive 
behavior [Käs et al., 1996;Doi and Edwards, 1999]. 
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ordering) actin solutions start to form nematic domains. It was shown that at room 
temperature these domains remain stable for weeks or months [Käs et al., 1996; Helfer et al., 
2005]. Having living cells in mind these extremely slow relaxation dynamics at first seem 
counterproductive because they seem to inhibit quick adaptations of the cellular morphology 
to external situations.  
One efficient way to circumvent the temporal restrictions imposed by filament entanglement 
is the use of molecular motors which induce active sliding of filaments past each other. In 
vitro experiments indeed proved that active myosin motors quickly fluidize entangled 
networks with drastic effects on the macroscopic behavior of biopolymer solutions 
[Humphrey et al., 2002](Figure 2.10). Another possibility lies in the control of filament 
turnover. The mentioned slow relaxation dynamics have all been measured for actin solutions 
in vitro in the absence of accessory proteins. As described in section 2.2.2 actin accessory 
proteins allow a dramatic increase of the net filament turnover rates which will enhance the 
filament relaxation. 
 
2.3.2 Linker and motor induced networks 
The aforementioned motor induced network fluidization together with numerous 
observations of motor induced pattern formation with both actin and microtubules clearly 
show that active elements lead to entirely different qualitative behavior of biopolymer 
systems [Nedelec et al., 1997; Humphrey et al., 2002; Smith et al., 2007]. Quite commonly, 
such systems are described as a new class of materials termed active matter or active 
systems [Kruse et al., 2004; Ramaswamy, 2010]. In these active systems, energy is dissipated 
on the scale of its individual elements
38
.  
At higher filament densities addition of active molecular motors creates so called active 
nematics which differ profoundly from the aforementioned passive nematics [Ramaswamy, 
2010]. Theoretically predictions were made that motor induced filament transport in 2D and 
3D should enhance nematic ordering [Liverpool and Marchetti, 2003; Kraikivski et al., 2006]
39
. 
In vitro experiments using a myosin coated surface and actin filaments in solution could 
indeed confirmed these predictions and they revealed the spontaneous formation of highly 
oriented domains. At low filament densities the phase remains disordered and filaments 
perform random-walk like motion while above a critical density threshold a transition to an 
ordered state was observed [Butt et al., 2010; Schaller et al., 2010]. Schaller et al. [Schaller et 
al., 2010] in addition report that actin filaments furthermore form active polar patterns above 
a critical density which are not seen in the results reported by Butt et al. [Butt et al., 2010]. 
These patterns include the formation of spirals or swirls which agrees with theoretical 
predictions made for active polar gels [Jülicher et al., 2007]. Depending on the filament 
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 The previously described entangled networks or liquid-crystalline systems were all self-assembled hence non-
dissipative. More complex patterns such as the mentioned zebra-stripes arise when we apply forces such as shear 
stress or flow. These forces, however, are applied at the boundaries, thus the system itself remains ‘passive’. In 
active systems, energy is dissipated internally by their own elements (e.g. by molecular motors or filament 
treadmilling). 
39
 According to Onsager’s line of argumentation, molecular motor-driven filament transport can be regarded to 
increase the effective filament length. 
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density different dynamic patterns form, e.g. swarm-like moving clusters or density waves 
[Schaller et al., 2010] (Figure 2.11). 
Another well-known example of motor driven pattern formation is the microtubule aster or 
spindle formation which can be observed during cell division. Apart from entire cells 
spontaneous aster formation of microtubules with molecular motors could already be 
observed in early in vitro experiments [Urrutia et al., 1991]. Asters are polar assemblies of 
many biopolymers or biopolymer bundles sticking with the same polar end together in one 
central cluster while the other ends radially point outward. Experimental studies further 
revealed that in addition to asters reconstituted microtubule-motor systems allow formation 
of additional complex patterns such as vortices (Figure 2.12)[Nedelec et al., 1997]. 
 
Figure 2.11 Depending on the filament density different dynamic patterns emerge when actin filaments move over 
a myosin coated surface. Few characteristic examples are shown here: swirl (A), swarm (B), and waves (C). Images 
were adapted from [Schaller et al., 2010]. 
A broad variety of different modeling approaches has been developed to further understand 
the underlying mechanisms. The different models can be classified based on the concepts of 
hierarchical reduction or coarse-graining (see 2.1.1). Starting at the comparatively low level of 
complexity of individual motors and filaments, microscopic approaches allow very detailed 
modling which typically is realized using computer simulations [Nedelec et al., 1997; 
Kraikivski et al., 2006] (Figure 2.13 A). Although these microscopic models typically contain 
more low level details than more coarse-grained models, rigorous abstraction is still a 
quintessential prerequisite
40
.  
 
Figure 2.12 Reconstituted microtubule-motor systems can self-organize into asters (left) or vortices (right). Images 
were taken from [Nédélec, 1998b]. 
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 The mentioned approaches do model individual molecular motors but the filaments’ monomeric structure is 
commonly ignored. Furthermore, the motor themselves are strongly reduced to comparatively simple key 
properties. 
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A second class of models applied in this context has its conceptual basis again on the 
microscopic level. Here, however, strong coarse-graining further shifts the model from the 
initial single element description level to a continuum description. Filament and motor 
density together with mean orientation replace individual elements (Figure 2.13 B). In a way, 
the higher complexity level description is thus derived from lower level equations [Aranson 
and Tsimring, 2005; Ahmadi et al., 2006; Ziebert et al., 2007]. 
A possible third category is the mostly phenomenological models that largely ignore 
microscopic details. Hydrodynamic theories, for instance, have successfully been applied to 
the active filament-motor systems [Jülicher et al., 2007; Joanny and Prost, 2009]. These 
theories are generic and not restricted to particular length scales. This, however, goes along 
with the main limitation of hydrodynamic descriptions. Due to their large scale perspective, 
macroscopic behavior cannot be traced back directly to microscopic elements (Figure 2.13 C). 
 
Figure 2.13 The interplay between microtubules and respective motor proteins can be modeled on different 
scales. Microscopic models (left panel) allow to trace back the network level behavior to molecular interactions 
but do not reach the level of abstraction needed for an fully analytical description. Macroscopic models (right 
panel) are much more phenomenological in their origin but they are able to deliver analytical descriptions. A 
certain kind of compromise is presented by mesoscopic models (center panel) that start from the molecular level 
but use strong coarse-graining. (D) was adapted from [Nédélec, 1998a], (E) was taken from [Aranson and Tsimring, 
2005], (F) was inspired by [Jülicher et al., 2007]. Figure as published in [Huber et al., 2011]. 
The mentioned formation of asters has been observed in both microtubule and actin in vitro 
systems in the presence of molecular motors. At first, this seems to suggest that both 
systems function in a completely analogous way. Surprisingly, however, a closer inspection 
reveals significant differences between microtubule and actin systems. Using microtubule 
systems aster formation was obtained with active molecular motors, i.e. as a dissipative 
phenomenon [Nedelec et al., 1997]. Actin-myosin solutions, in contrast, remain isotropic 
when all motors are active [Kurakin, 2006]. Here, asters only start to form if additional 
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crosslinking elements are present, be it ‘switched-off’ myosin
41
 [Smith et al., 2007] or specific 
crosslinking proteins [Backouche et al., 2006]. At this point the structural architecture can 
also be specified further. While the archetypical asters seen for microtubule-motor systems 
show a close packing of many individual, independent asters rather than extended networks 
built by aster-like connections, the structures seen in actin-motor systems together with 
crosslinking elements display a network-like architecture 
42
 [Backouche et al., 2006; Smith et 
al., 2007] (Figure 2.14). An analogous observation is made for microtubules when using two 
opposing classes of motors [Surrey et al., 2001]. 
 
Figure 2.14 Phase diagram of actin system dependent on myosin motor density and fascin concentration. Figure 
taken from [Backouche et al., 2006]. 
A first model including both motor activity and crosslinking could finally deliver an answer to 
the question of why asters or vortices could not be observed in pure actin-myosin systems in 
excess of ATP [Ziebert et al., 2007]. Without crosslinking the motors align filaments and most 
of all initiate sliding of filaments against each other. Addition of crosslinks hinders sliding and 
makes a zipping-like alignment more likely. One consequence is the significant reduction of 
the critical concentrations of filaments and motors necessary to leave the isotropic phase 
[Ziebert et al., 2007]. Ziebert’s model seems to indicate that no asters or vortices formed in 
actin-motor systems because the motor density never reached values high enough. So far, I 
am not aware of any experiment specifically testing this and it thus remains to be seen 
whether much higher actin and myosin concentrations could in principle form such structures 
even in the absence of crosslinkers. As I will show later, similar aster-like networks can even 
form without molecular motors (chapter 4). 
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 In the absence of ATP, myosin II motors still remain bound to actin filaments but stop working as molecular 
motors [Smith et al., 2007]. 
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 Except for very high myosin motor concentrations [Backouche et al., 2006]. 
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3 Lamellipodial actin network formation 
Lamellipodial actin networks represent an important type of cellular migration, the so called 
crawling motion. A large part of my work focused on different modeling approaches to 
further investigate the underlying mechanisms of this self-organized network formation. 
After introducing the current picture of crawling cell migration (chapter 3.1), a computer 
simulation on lamellipodial actin networks and a subsequent, more mathematical treatment 
will be presented in detail (chapter 3.2). Both lead to a number of substantial findings 
(chapter 3.3) and may potentially give rise to further extended modeling (chapter 3.4). 
Finally, I would like to present a complementary, experimental bottom-up approach aiming at 
the reconstitution of lamellipodial network within cell-sized confinement (chapter 3.5). Large 
parts of my work on lamellipodial network formation is already published which will 
necessarily lead to quite some overlap between the respective articles
43
 and the present 
chapter. In the following this will not always be referenced explicitly.  
3.1 Background: crawling cell migration 
Living cells are out-of-equilibrium entities able to perform dynamic changes of their 
morphology. Typically, this involves the cells’ ability to undergo directed, active motion, i.e. 
cell migration. Single cell – or ‘lower’ -organisms
44
  as well as individual cells within 
multicellular organisms are able to migrate and many physiologically relevant functions 
essentially depend on a proper functioning of this active, directed cell displacement.  
Due to the low Reynolds number regime all motion is over-damped and inertia becomes 
irrelevant
45
. As a consequence, migrating cells have to permanently produce forces in order 
to translocate. This is done in a number of different ways. Many prokaryotic organisms as 
well as sperm cells use flagella or cilia to propel themselves. In this work, however, I will focus 
on the most commonly studied type of eukaryotic cell migration: crawling motion
46
. Unlike 
flagella or cilia based motion which is driven by the motion of fixed cellular structures, 
crawling motion involves the dynamic assembly and disassembly of remarkably complex 
cytoskeletal structures. These dynamic changes in cellular morphology in a polar fashion, in 
conjunction with corresponding local modulations of the friction allow persistent, directed 
motion.  
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 Mainly, these are [Huber et al., 2008;Huber et al., 2011;Stuhrmann et al., 2011]. 
44
 The distinction between lower and higher organisms is not well defined. Furthermore, many people consider 
these terms problematic because they might transport the view of a progressive, directed evolution which is not 
what most current scientists would agree on (see e.g. [Ayala, 2007]). I will largely stick to use the more intuitive 
distinction into single cells (which could further be divided into pro- and eukaryotes) and multicellular organisms.  
45
 Admittedly, a hardly surprising recommendation at this point, but nevertheless a good one: [Purcell]. His first 
estimation the Reynolds number (= ratio of intertial forces:viscous forces) is of the order of 10
-4
 to 10
-5
 for 
prokaryotic microswimmers. Hence, inertia can be neglected. 
46
 The fact that it is often stated that crawling motion is ‘the most common type’ of eukaryotic migration might 
partly be due to the extensive use of data from 2D cell culture. While it is known that in 3D similar migration 
processes occur the three dimensional tissue environments were shown to allow additional types of cell migration 
such as ‘blebbing motion’ [Charras and Paluch, 2008]. 
-34- 
 
Figure 3.1 Illustration of the ‘standard model’ for crawling cell migration on flat substrates. It commonly is reduced 
to three processes taking place in parallel: 1) A comparatively thin actin gel protrusion extends the leading and 
adheres to the substrate. 2) The rear end actively retracts and detaches from the substrate. 3) The cell body is 
pulled forward. 
While cilia and flagella can be regarded as autonomous functional units (section 2.1.2), the 
functional modules involved in crawling cell migration show a high degree of overlap [Huber 
et al., 2011]. For a first simplified picture of crawling motion, the migration process is often 
decomposed into three core processes. First, the leading edge is propelled forward by 
polymerization forces from directed growth of a flat actin network structure, the 
lamellipodium. This extending actin network adheres to the exterior via formation of 
adhesion sites. Second, at the rear of the cell contacts are reduced and active contractions 
lead to a detachment from the substrate. Finally, contractile forces located towards the cell 
body pull the cell forward (Figure 3.1).  The three mechanisms are active in parallel. The very 
initial symmetry break of adhered cells is likely to be initiated by either directed lamellipodial 
outgrowth or an anisotropic cell contraction [Cramer, 2010]. 
 
Figure 3.2 Three different types of 2D cell migration. (A) Persistent forward motion with constant cell shape is 
typical for fish keratocytes. (B) Fibroblasts can have several lamellipodia structures together with numerous 
filopodia and show higher fluctuation. (C) Neuronal growth cones display high numbers of filopodia and typically 
perform very large edge fluctuations leading to a highly stochastic type of motion [Knorr et al., 2011]. 
This very simple picture seems to generally hold for most lamellipodial motion. Upon closer 
inspection of the detailed underlying structure and dynamics the lamellipodia-like network 
outgrowth differs substantially between cell types, though. Different combinations of the 
principal leading edge entities - lamellipodia, filopodia, adhesions, and microtubules from the 
back – give rise to a wide set of different types of cellular motion. This ranges from persistent, 
continuous migration of fish keratocytes to the highly stochastic type of motion observed for 
neuronal growth cones (Figure 3.2). These edge fluctuation characteristics seem to largely 
Florian Huber  ||| Emergent structure formation of the actin cytoskeleton  -35- 
originate from differing assembly dynamics of the leading edge actin gel with a rather 
constant formation rate for keratocytes and large growth rate fluctuations for neuronal 
growth cones [Betz et al., 2006; Knorr et al., 2011].  
The growth rate of the actin gel formed at the leading edge vgrowth

 is converted into the 
protrusion of the leading edge v protrusion

 and the opposing retrograde flow vretro

, all measured 
relatively to the substrate (Figure 3.3). Retrograde flow, protrusion rate, and growth rate 
hence are no independent quantities. However, retrograde flow and growth rate can be 
accessed separately. The retrograde flow strongly depends on the adhesion strength of the 
gel to the substrate as well as the contractile elements further back [Jurado et al., 2005; Chan 
and Odde, 2008] while the growth rate can be tuned using a large set of actin accessory 
proteins (section 2.2.2) [Bugyi and Carlier, 2010]. 
 
 
Figure 3.3 Sketch of a crawling fibroblast-like cell. The local protrusion rate (vprotrusion) of the leading edge is the 
vectorial sum of retrograde flow (vretro) and gel growth velocity (vgrowth). 
 
From a physicists point of view it was a substantial discovery that the lamellipodial-machinery 
at the leading edge acts as a largely autonomous system with respect to the cell body. 
Verkhovsky et al. [Jurado et al., 2005] demonstrated that even fragments of living cells 
continue to migrate by exactly the same type of crawling motion with nearly unchanged 
characteristics
47
. On the other far end of the experimental spectrum, reconstituted in vitro 
systems proved that a small percentage of cellular proteins is already sufficient to mimic 
fundamental properties of migrating cells
48
 [Cameron et al., 1999; Loisel et al., 1999; Yarar et 
al., 1999; Bernheim-Groswasser et al., 2002]. 
 
3.1.1 Leading edge actin structures 
As shown in Figure 3.2 cell migration differs substantially in its characteristics depending on 
the cell type (and the environmental conditions). Nevertheless, two actin-based structural 
key features are commonly recognized at the front part of moving cells: filopodia and 
lamellipodia. Filopodia are densely packed, oriented actin bundles generally perpendicular to 
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 The dissipative nature should not be affected by fragment formation. Moreover the protein composition will 
remain as complicated as for entire cells. Arguably the main gain of information out of these experiments lies in 
the decoupling from the nucleus and the cell’s (epi-)genetic machinery. This demonstrates that the protein 
cocktail present in fragments organizes autonomously to form an actively migrating polymer film.  
48
 Commonly, these minimal sets of proteins consist of actin, Arp2/3 + activator (e.g. VCA, WASP,…), ADF/cofilin, 
profilin as well as a plus-end capper (often gelsolin is used). 
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the leading edge with the actin plus-ends pointing outwards. They appear to be largely 
responsible for exploring the cellular environment and are crucial for many types of cellular 
motion. For a more detailed current picture of filopodia structure and dynamics a number of 
good review articles is available (e.g. [Mattila and Lappalainen, 2008; Faix et al., 2009]). In my 
work, however, I rather focused on the lamellipodial structure and dynamics. Due to their 
little changing morphology and a persistent lamellipodia-based type of migration in the 
absence of filopodia formation, fish keratocytes therefore present an ideal cellular model 
system to study the lamellipodium.  
Starting on a larger scale
49
, the lamellipodium is a flat actin gel displaying highly polar growth 
dynamics with new material being assembled at the very leading edge [Lai et al., 2008] and 
actin gel disassembly [Schaub et al., 2007a] and contraction [Yam et al., 2007] further back. 
At the leading edge the actin gel growth at a speed of 10-15 µm/min [Knorr et al., 2011] 
corresponding to 60-90 actin monomers per second and per growing filament
50
. These rates 
clearly exceed the steady state values of pure actin in vitro indicating a strong modification of 
the critical concentrations by accessory proteins as introduced in section 2.2.2. Hence the fast 
gel growth demands a microscopic explanation. The same is true for the polar nature of the 
lamellipodial structure. How is the assembly of the actin structure exclusively at the leading 
edge organized and how it the later gel disassembly coordinated?  
 
Figure 3.4 Sketch of the actin cytoskeleton of a fish keratocytes with corresponding EM images. The cytoskeletal 
extension can be divided into lamellipodium (Lp) at the foremost front, the lamellum (La) further back and finally 
the convergence zone (CZ) which marks the transition towards the cell body. The gray stripe in the center of the 
lamellipodium/lamellum represents the scope of both the simulation and the model described in the following 
sections (section 3.2 and 3.3). EM images were taken from [Svitkina et al., 1997]. 
Electron microscopy was the first technique that allows having a much closer look on the 
underlying structure. Early work by the group of Tatyana Svitkina discovered a dendritically 
branched actin network at the very leading edge (Figure 3.4)[Svitkina et al., 1997] with 
Arp2/3 exactly located at actin branching points [Svitkina and Borisy, 1999]. This was in 
perfect agreement with reconstituted in vitro experiments demonstrating that Arp2/3 
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 As mentioned in section 2.1.1, I will use the terms ‘larger scale’ and ‘higher level of complexity’ mostly 
analogously. 
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 Considering a monomer diameter of about 5 nm, due to the two-stranded structure a first estimate would be a 
~2.5 nm filament extension per added monomer. 
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initiates similar actin branches after activation [Mullins et al., 1998] which established the 
Arp2/3 based branched network as the current paradigm view of lamellipodial network 
organization. It is important to note, however, that the relevance of these Arp2/3 induced 
branches in vivo is still subject of an intensive controversy [Urban et al., 2010]
51
.  
Arp2/3 is a protein complex containing two actin-resembling subunits which can function as 
actin nucleation sites. Based on kinetic modeling [Carlsson et al., 2004] and structural details 
of the branching structure [Rouiller et al., 2008] it is now the common understanding that 
Arp2/3 binds to the side of existing filaments and initiates the growth of a second ‘daughter’ 
filament with an approximate angle of 70° between mother and daughter filament
52
. Very 
importantly, Arp2/3 needs to be activated by specific activating factors in order to function 
properly [Le Clainche and Carlier, 2008]
53
. These Arp2/3 activating factors are located at the 
leading edge and are thereby able to initiate the structural polarity. Furthermore, they are 
embedded in signaling pathways connecting Arp2/3 activation to internal or external signals 
[Ladwein and Rottner, 2008; Le Clainche and Carlier, 2008]. 
Substantial parts of the underlying biochemical interplay following the activation of Arp2/3 
were revealed by groundbreaking work on Listeria motion. Listeria
54
 is a bacterium that 
protrudes within cells by the help of an Arp2/3 activator on its surface. A major breakthrough 
to fully understand the principle of Listeria motion was its in vitro reconstruction [Cameron et 
al., 1999; Loisel et al., 1999; Yarar et al., 1999; Bernheim-Groswasser et al., 2002]. Replacing 
the bacterium by activator coated beads and the cytosol by a mixture of very few 
reconstituted proteins drastically reduced the systems complexity. With occasional minor 
variations, the set of proteins used in these bead motility assays are still considered the 
biochemical core elements of Arp2/3-based network growth [Bugyi and Carlier, 2010].  
Besides actin and Arp2/3, this set contains plus-end capper limiting the period of filament 
elongation, ADF/cofilin as a disassembly enhancer, and some sequestering protein(s) (see 
section 2.2.2 and therein Figure 2.6 and Figure 2.7). Commonly made additions include actin 
crosslinkers and tropomyosins
55
. 
Combining many of the last decades’ findings from reconstituted bottom-up systems, 
biochemical bulk experiments and from observations of entire cells, lead to the conceptual 
framework of the array treadmilling model [Mullins et al., 1998; Bugyi and Carlier, 2010]. 
Analogue to single filament treadmilling (section 2.2.1) the array treadmilling is essentially 
driven by material addition at the front and material loss towards the rear. At the front the 
network is formed by Arp2/3-based branching, filament elongation and subsequent capping 
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 Later I will come to the second paradigm of oriented actin filaments at the leading edge which recently has also 
been challenged [Achard et al., 2010]. See section 3.1.2. 
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 In principle, two mechanisms to incorporate Arp2/3 into a branched structure are thinkable, either at the plus 
end of a pre-existing mother filament (end branching) [Kuusela and Alt, 2009] or it binds to the side of the mother 
filament (side branching) [MacKintosh and Levine, 2008]. Meanwhile side branching is mostly considered to be at 
least the dominant (or even only) mechanism for Arp2/3 induced branching. 
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 Additional binding of an actin monomer and an existing mother filament are necessary for effective branching 
[Beltzner and Pollard, 2008]. 
54
 More precisely: Listeria monocytogenes. Additionally, similar findings have been made for another bacterium: 
Shigella. 
55
 Tropomyosin’s effect was first modeled in detail within the computer simulations that I will present in section 
3.2 and 3.3) [Huber et al., 2008]. 
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while further back branches and filaments get disassembled (Figure 3.5)[Bugyi and Carlier, 
2010]
56
. 
Regarding the initially introduced concepts (chapter 2.1), the bead motility assay represents a 
very instructive example for emergent behavior. Taken individually, none of the involved 
protein components displays directed motile behavior. Simply by throwing together all 
ingredients, entirely new properties emerge. Due to the structure’s permanent turnover, i.e. 
energy dissipation, the highly organized, polar actin gel nicely represents a self-organized 
structure [Cameron et al., 2001]. In agreement with the aforementioned motile cell 
fragments [Verkhovsky et al., 1999] this means that an initial impulse breaking the symmetry 
or activating Arp2/3 is sufficient to generate persistent lamellipodium turnover. Hence, the 
lamellipodial actin network can be considered an autonomous functional unit. 
 
Figure 3.5 Model picture of the self-organizing actin network within lamellipodia. ATP-hydrolysis acts as a timer 
mechanism resulting in distinguishable zones dominated by different actin accessory proteins. Branching and 
hence nucleation of new filaments is driven by Arp2/3 at the front while in the middle zone debranching and 
depolymerization dominate. At the rear of the network filaments start to be hindered from fast depolymerization 
by tropomyosins binding. Illustration taken from [Bugyi et al., 2010]. 
The array treadmilling picture in conjunction with comparatively detailed biochemical 
knowledge regarding their components’ interactions suggests that we already possess a basic 
understanding of lamellipodia-based cell migration on the molecular level. Naturally this 
stimulated the development of a large number of different theoretical models for 
lamellipodial migration. Fortunately, the strong modeling activity in this field already resulted 
in highly recommendable review articles [Mogilner, 2006; Carlsson and Sept, 2008; Mogilner, 
2009a; Carlsson, 2010]. The existing models can roughly be classified into microscopic and 
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macroscopic models, where microscopic models originate from sub-network details
57
 while 
macroscopic models do not account for these details. Applying another criterion a distinction 
can be made between stochastic-discrete and deterministic-continuous models. The first type 
is usually realized by applying Monte Carlo-like methods while the later type is typically based 
on sets of differential equations with averaged continuum densities [Mogilner, 2009a]. In the 
following I want to briefly mention some of these models side-by-side with experimental 
findings on crawling cell migration. An overview regarding the models different abstraction 
and conception is given in Table 1 (see also section 2.1.1).. 
So far, only the lamellipodium was mentioned explicitly. As illustrated in Figure 3.4, however, 
the actin network sheet between cell body and leading edge is no homogeneous entity. 
Based on three major criteria – network architecture, molecular composition, and network 
dynamics – I will distinguish between lamellipodium, lamellum, and convergence zone.  
Filaments are comparatively short and highly branched within the lamellipodium (Figure 
3.4)[Svitkina et al., 1997] together with an orientational preference of ±35° angles [Schaub et 
al., 2007b]. The lamellum, typically starting 1-2 µm farther back, displays much longer 
filaments that are mostly unbranched filaments while the overall orientation apparently 
becomes more pronounced (Figure 3.4)[Svitkina et al., 1997]. Finally, at the end of the 
lamellum, close to the cell body, actin filaments start to align parallel to the leading edge 
forming the convergence zone (Figure 3.4)[Svitkina et al., 1997].  
Regarding the molecular composition, ﬂuorescence microscopy studies revealed strongly 
differing characteristics for lamellipodium and lamellum. Actin bound Arp2/3 dominates at 
the leading edge and ADF/cofilin is most pronounced shortly behind the very leading zone. 
The actin binding protein tropomyosin dominates further back within the lamellum network 
[DesMarais et al., 2002; Iwasa and Mullins, 2007]. Towards the convergence zone, a strong 
enrichment of myosin motors was observed [Svitkina et al., 1997]. 
For migrating epithelial cells, Ponti et al. [Ponti et al., 2004] further observed two different 
actin dynamic pattern with fast moving actin within the lamellipodium and slower moving 
actin within the lamellum
58
. Interestingly, the applied speckle microscopy technique
59
 further 
permits to separate network assembly and disassembly giving access to the overall 
polymerization and depolymerization characteristics. Surprisingly, the highest net 
depolymerization occurs at the lamellipodium/lamellum junction and not at the far end of 
the network [Ponti et al., 2004]. Similar results were found for fibroblasts [Watanabe and 
Mitchison, 2002](+ respective supplemental). For keratocytes, however, no kinematic velocity 
difference could be observed [Schaub et al., 2007a]. The presence of a network 
depolymerization maximum in keratocytes could neither be conﬁrmed nor rejected, because 
the respective feature tracking studies only give access to the net kinetics. Hence the 
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 The smallest scale for meaningful cytoskeletal modeling starts at the monomer level. Molecular dynamics 
simulation on an lower all-atom level are quickly advancing with growing computational power, but the largest 
systems still only comprise small exerts of microtubule or actin filaments [Wells and Aksimentiev, 2010]. While 
such all-atom simulations help to understand the mechanical properties of filaments from a sub-molecular level, I 
personally doubt that they will substantially contribute to our understanding of higher level phenomena like cell 
motility (see also chapter 2.1).  
58
 This lead to the ‘lamella hypothesis’ which was followed by a larger controversy (e.g. see [Danuser, 2009; 
Vallotton and Small, 2009]). 
59
 See [Danuser and Waterman-Storer, 2006] for more details on speckle microscopy. 
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contributions of polymerization and depolymerization cannot be extracted individually 
[Schaub et al., 2007a].   
Modeling 
approach 
Scope Levels of complexity explicitly modeled Examples 
All protein models 
(stochastic-discrete)  
Lamellipodium
60
 
(+Lamellum
61
) 
 
[Carlsson, 2001; 
Alberts and Odell, 
2004; Huber et al., 
2008; Schaus and 
Borisy, 2008; Dayel 
et al., 2009] 
Microscopic mean-
field models 
(deterministic-
continuous ) 
Lamellipodium 
(+Lamellum)  
[Mogilner and 
Edelstein-Keshet, 
2002; Stuhrmann et 
al., 2011] 
Whole cell 
 
[Rubinstein et al., 
2005; Marée et al., 
2006; Kuusela and 
Alt, 2009] 
Filament-based 
models 
(stochastic-discrete) 
Lamellipodium 
(+Lamellum)  
[Schreiber et al., 
2010] 
Macroscopic/ 
hydrodynamic 
models 
(deterministic-
continuous ) 
Lamellipodium 
(+Lamellum)  
[Kruse et al., 2006; 
Joanny and Prost, 
2009] 
Whole cell 
 
[Larripa and 
Mogilner, 2006] 
Table 1 Overview and classification of different models aiming at describing crawling, lamellipodia-based cell 
migration. The models are classified according to their modeling scope and their different inherent hierarchical 
reduction (section 2.1.1). Red encircled scales represent the levels of complexity covered by the respective 
models. Feedback loops, i.e. arrows pointing from higher to lower levels, are not drawn explicitly. 
3.1.2 Lamellipodial self-organization into oriented branches?  
The current cartoon picture of the lamellipodia network (Figure 3.5) was strongly inspired by 
the branched structure seen under electron microscopy (Figure 3.4)[Svitkina et al., 1997]. It 
can be seen as a major weakness of this array treadmilling model that it does not directly 
explain the leading edge orientation of the actin filaments. By accepting that Arp2/3 induces 
70° branches close to the leading edge it still does not explain why they automatically should 
align in a way that gives rise to a roughly regular angular distribution peaked at ±35°. What 
feedback loops can potentially discriminate filaments pointing to the leading edge from 
filaments pointing backwards? 
An early modeling attempt by Maly et al. [Maly and Borisy, 2001] suggested an orientation–
dependent nucleation and capping rates to explain the dominant ±35° orientation. A later, 
more detailed microscopic model by Schaus et al. [Schaus et al., 2007] could generate a ±35° 
pattern by introducing a zone at the leading edge where branching is allowed and capping 
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 Not all examples given in the table really aimed at modeling the lamellipodium. Some refer to the bead motility 
assay, but since the microscopic composition has such a prominent overlap I did not discriminate both cases. 
61
 In our case, i.e. [Huber et al., 2008]. 
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forbidden
62
. The risk of these approaches, however, lies in their necessity of ad hoc 
assumptions. 
Another computational model by Schreiber et al. [Schreiber et al., 2010] accounts for 
excluded volume effects of branched actin filaments. Interestingly, by only restricting 
branching to the front zone without assuming any further particular orienting mechanism, 
filaments still display a tendency to orient at ±35°, although less pronounced than the 
aforementioned models. Moreover, the slight ±35° pattern was only a byproduct of the 
Schreiber-model. The more substantial finding possibly is, that excluded volume effects lead 
to an expansion of the actin gel. The longer and the more branched the filaments are, the less 
efficient gets their packing, i.e. the more the network tends to expand
63
 [Schreiber et al., 
2010]. This gel expansion is able to generate substantial forces even without actin filament 
elongation pointing directly at the cell’s leading edge
64
 .  
This fits quite nicely to current findings on the bead motility assay which strongly question 
the long time believed paradigm of individual, oriented, pushing filaments [Achard et al., 
2010; Sykes and Plastino, 2010]. These findings do not disprove the ability of oriented 
filaments to exert forces but show that oriented filaments are not prerequisite for forward 
propulsion. 
 
3.1.3 Lamellipodial modeling 
Having a detailed biochemical picture at hand (Figure 3.5) including measured binding rates 
and known concentrations, permits microscopic modeling of the lamellipodial actin network. 
Incorporating the complex interplay of actin and its accessory proteins several different 
microscopic models have indeed been developed on the basis of the bead motility assay (eg. 
[Carlsson, 2001; Alberts and Odell, 2004; Dayel et al., 2009; Achard et al., 2010]) or on the 
basis of keratocyte lamellipodia [Mogilner and Edelstein-Keshet, 2002]). With the 
lamellipodium as an essential functional module it becomes apparent that crawling cell 
migration is obviously approached by a large number of different models of very different 
concepts and degree of coarse-graining (Table 1, see also section 2.1.1). 
Early stochastic microscopic models showed that the experimentally measured rates for 
growth, capping, and depolymerization are consistent with the formation of an actin comet 
tail on coated beads [Carlsson, 2001; Alberts and Odell, 2004]. The very detailed model by 
Alberts and Odell [Alberts and Odell, 2004] furthermore includes G-actin diffusion and thus a 
feedback loop linking polymerization and depolymerization. 
An important further analysis of the array treadmilling hypothesis was performed by 
Mogilner and Edelstein-Keshet [Mogilner and Edelstein-Keshet, 2002] on the basis of a 
deterministic microscopic model. By combining many known reactions up to actin 
sequestering a complex set of differential equations revealed the complex interplay of 
essential actin accessory proteins.  
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 Similarly, the appearance of either ±35° or +70/0/-70° pattern was reported in another computer simulation 
that only restricts branching to the leading zone [Weichsel and Schwarz, 2010]. 
63
 In this simulation, actin filaments were treated as rigid rods, which is valid for filament pL  . 
64
 The model by Schreiber et al. nicely reproduced the force-velocity behavior of keratocytes both qualitatively 
and quantitatively [Schreiber et al., 2010]. 
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Even though a strong reduction of the number of interacting agents was essential for all 
these models, they were nevertheless able to reproduce many key features of lamellipodial 
actin networks. Using such reaction rate-based models it was further possible to investigate 
filament length and distribution [Edelstein-Keshet and Ermentrout, 2001; Carlsson, 2005]
65
. 
As mentioned earlier, similar models addressed the mechanisms for orientational order by 
including mechanic interactions in more detail [Schaus et al., 2007; Schreiber et al., 2010]. 
Complementary to the microscopic models a more phenomenological, macroscopic approach 
allows a further abstraction of lamellipodial motility. Considering the lamellipodial actin 
network as an active gel it was possible to approach both the lamellipodial shape and 
dynamics [Kruse et al., 2006; Joanny and Prost, 2009]. Here, molecular motor-based 
contractile forces are included in the form of an active stress. 
 
3.1.4 Beyond the lamellipodium: adhesion and network contraction 
Taken individually, the lamellipodium as the actin network close to the leading edge (Figure 
3.4) is still not fully understood but we have a pretty detailed, working picture of its 
functioning. The situation becomes different when looking at the lamellum or convergence 
zone part of crawling cells. It is mostly in these parts where strong adhesions form and 
network contractions take place
66
. Both adhesion and contraction are necessary counterparts 
to the lamellipodial propulsion. Physically all three systems, protrusion, adhesion, and 
contraction, are directly linked by forces. The polymerization driven forces at the leading 
edge need to be balanced by adhesion (or friction) to result in forward movement. The cell 
body can only follow the front movement if it is able to move against the backward actin gel 
flow, i.e. contractile elements need to constantly pull it forward with the leading edge 
machinery.  
Contracility, retraction, disassembly 
In cells, two fundamental principles can lead to contractile forces. The more obvious one 
involves active contractile elements that are all based on dissipative molecular motors 
(myosins in the case of actin). In addition, however, network disassembly or restructuring can 
also result in contractile forces and might play an important role in cell migration as well 
[Carlsson and Sept, 2008]. 
Interestingly, up to now the network disassembly attracted considerably less attention than 
assembly. Although the array treadmilling model (section 3.1.1) in principle includes assembly 
and disassembly, it is not clear how to explain the depolymerization maximum between 
lamellipodium and lamellum
67
, and it is unable to explain the network’s final disintegration 
within the convergence zone.  
Regarding contractility it turns out that the network’s disintegration is inseparably linked to 
contraction. By affecting the network structure on the one hand, the present active 
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 Further modeling in this direction has been done within this thesis using computer simulations (chapter 3.2.3 , 
[Huber et al., 2008]) and mathematical modeling (chapter 3.2.4 ,[Stuhrmann et al., 2011]). 
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 First strong adhesion form around the lamellipodium/lamellum transition [Oliver et al., 1999;Chhabra and Higgs, 
2007]. Network contraction was mostly found in the rear part of the lamellum and the convergence zone [Schaub 
et al., 2007a]. 
67 
I will later show that it can be explained using the models presented in chapter 3.2.3 and 3.2.4. 
Florian Huber  ||| Emergent structure formation of the actin cytoskeleton  -43- 
contractile elements (e.g. myosin motors) might contract the network more efficiently. On 
the other hand, network disintegration by itself is already a contractile mechanism 
[Wolgemuth, 2005]. Linking filaments together to dense bundles reduces their thermal 
fluctuations leading to a more extended configuration. This can be interpreted as stored 
elastic energy since average filament end positions will retract after disassembly of the 
bundles
68
. 
Whether in addition to network disintegration or even almost exclusively
69
, in most common 
cell types myosin-based activity is decisively involved in cell retractions. Among the many 
different myosin motors, myosin II plays a dominant role in network contraction. The 
aforementioned myosin gradient towards the convergence zone can potentially be explained 
by a combination of diffusion and drift. The drift arises from the rearward flow of the 
lamellipodial actin network and the continuous binding and unbinding of the myosin motors 
to it.  
While myosin concentration increases towards the rear, the actin network thins out due to 
continuous disassembly. Following Svitkina et al. [Svitkina et al., 1997] this allows the motors 
to contract the actin mesh into actin-myosin bundles. Although this might present a 
fundamental frame for further investigations of the contractile mechanisms, the microscopic 
details are still far from being understood [Mogilner, 2009a].  
Combining fluorescence live cell imaging with image analysis techniques, Schaub et al. 
[Schaub et al., 2007a] determined scalar maps of actin and myosin activity for migrating 
keratocytes. Their results confirm that myosin-driven contractions take place towards the 
rear of the lamellipodial network. Adachi et al. [Adachi et al., 2009] further measured the 
direction of the network contractions in migrating keratocytes. They found that the networks’ 
strain is positive close to the leading edge and negative (i.e. compressive) further back. In 
addition it is shown that the contraction only takes place along the direction of migration. 
Consistent with the model picture, the network contractions become more pronounced for 
increased myosin activity and can be suppressed upon myosin inhibition [Okeyo et al., 
2009]
70
. 
An important next step to understand entire contracting networks again are in vitro 
experiments revealing that network contraction only works efficiently within a certain range 
of crosslinker concentrations [Bendix et al., 2008]. A profound picture of the precise control 
mechanisms regulating the network contractions, however, is still a long way ahead.  
Substrate adhesion  
Polymerization driven protrusion in combination with disintegration and contraction creates 
a closed turnover cycle and polar gel flow. To translate this into forward movement, friction 
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 This “stored elastic energy” is of entropic origin and can be understood in analogy to the entropic spring 
behavior when pulling at flexible, coiled polymers.  
69 
The mechanism was indeed found in migrating nematode cells [Wolgemuth et al., 2005]. How far this 
mechanism really applies to other crawling cells remains an open question [Wolgemuth, 2005;Carlsson and Sept, 
2008]. 
70
 This is contradictory to recent findings from Gögler, Brunner and co-workers [Brunner, 2011]. Taking into 
account the effect of myosin motors on the elastic strength of the actin networks, they find that the retrograde 
pressure in the center is not affected by myosin inhibition, whereas at the wings it significantly drops. This 
suggests that myosin motor contractions are only driving part of the overall contractions suggesting that network 
disintegration covers a large part of the remaining contractions. 
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between cell and substrate is necessary. Rather than having simple fluid friction cells 
specifically adhere to substrates via non-permanent adhesions.  
While extensive studies show that substrate adhesion in detail is a rather complicated 
process
71
, drastic abstraction is applicable in many situations and allows a more intuitive 
description. In its simplest form, substrate adhesion is modeled as velocity dependent friction 
[Kruse et al., 2006]. More commonly, however, the modulation of adhesive strength is 
described by considering a molecular clutch mechanism [Mitchison and Kirschner, 1988; 
Suter and Forscher, 1998]. When the clutch is engaged coupling between substrate and 
cytoskeleton is strong and the actin network growth directly translates to leading edge 
protrusion. The disengaged state leads to slippage of the cytoskeleton which reduces the 
forward propulsion of the actin gel. For keratocytes it was shown that at the front substrate 
and cytoskeleton are strongly coupled while at the sides slipping behavior was observed 
[Fournier et al., 2010]. 
A slightly extended clutch model incorporating motor driven retrograde flow was successfully 
tested by combining microscopic simulations with experimental data on neurons (Figure 
3.6)[Chan and Odde, 2008]. A different, very detailed mathematical model by Kuusela and Alt 
[Kuusela and Alt, 2009] incorporates (force-dependent) integrin binding and unbinding to the 
cytoskeleton and the substrate as well as integrin diffusion to model substrate adhestion.  
 
Figure 3.6 The movements of growth cone filopodia on compliant substrates (A and B) observed by Chan and 
Odde [2006]. A fluorescent bead attached to a filopodium (A) and is used to properly observe the filopodial 
dynamics over time (B). The visible rupture-like events can be explained by a motor-clutch model (C). Images 
taken from Chan and Odde [2006].  
Whole cell modeling 
Although all three aspects of crawling motion – protrusion, contraction, and adhesion- are 
only beginning to be understood on a deeper level, very simplified combinations already 
allow fascinating insights into crawling cell migration. 
One-dimensional models combining all three components have already been performed 
about 20 years ago [DiMilla et al., 1991]. Newer 1D models put more emphasis on the 
viscoelastic properties of the actin gel and account for actin assembly and disassembly 
[Larripa and Mogilner, 2006]. As to be expected, the 2D situation shows qualitative 
differences when compared to the 1D reduction. Several important aspects of cell migration 
such as cell shape and cell turning need at least two modeling dimensions. Using different 
multi-scale 2D models it became possible to reproduce the keratocyte shape and type of 
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 For a physicist the processes that control cellular adhesion are at the same time fascinating and frightening. Its 
enormous biochemical complexity [Zaidel-Bar et al., 2007] makes detailed microscopic modeling approaches a 
very difficult task. 
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movement [Rubinstein et al., 2005; Marée et al., 2006]
72
. Further details along this direction 
can be found in a recent review on the cell shape in migrating cells [Mogilner and Keren, 
2009]. 
 
 
3.2 Methods: lamellar treadmilling model 
This section will give a detailed introduction for both the developed computer simulation and 
the mathematical model on lamellipodia formation.  
Although the lamellipodial actin network was already investigated by numerous modeling 
attempts (as described in section 3.1), no current model was able to explain the formation of 
two substructures of differing network characteristics: lamellipodium and lamellum. One key 
question of the present model hence was: what explains the self-organization into two 
distinct architectures, compositions and turnover characteristics? 
Unlike most existing modeling approaches (e.g. [Edelstein-Keshet and Ermentrout, 2001; 
Mogilner and Edelstein-Keshet, 2002; Dawes et al., 2006]), our work emphasizes detailed 
modeling of the actin network decay. Instead of only assuming a constant disassembly rate, 
both minus-end uncapping and temporal modulations of the filament’s depolymerization rate 
were considered.  
While few recent models already approached the issue of filament severing and annealing 
[Carlsson, 2006; Fass et al., 2008], no current model investigated the influence of these 
effects on the quickly treadmilling, dense actin networks of lamellipodium and lamellum. Our 
model explicitly treats both effects and reveals their impact on the overall network dynamics 
and architecture.   
3.2.1 Assumptions 
Both the computer simulation and the mathematical modeling developed within the scope of 
this thesis start from a common set of assumptions. With the focus being on the self-
organization of the known key ingredients, the detailed actin assembly and disassembly 
dynamics together with the accessory protein’s reaction kinetics are most emphasized. 
Further fascinating aspects of the keratocyte’s actin protrusion, including the network’s 
mechanical properties and the protrusion’s force production have largely been ignored by 
applying generally accepted “zero order” estimates. 
The assumptions of the models will be outlined and justified in more detail within the 
following sections. Additionally, the most important aspects are summarized in Figure 3.7 and 
Figure 3.8. 
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 The fan-like shape of migrating keratocytes can even be explained by simpler models only based on a 
conservation of the cells’ area and an observed F-actin gradient along the leading edge [Keren et al., 2008].  
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Figure 3.7 Scheme for modeling the lamellar actin network. Reduction of the Arp2/3 induced branches to effective 
minus-end capping was possible under the assumption of an incompressible network such that the detailed 
architecture can largely be ignored. The computer simulation (B) remains a two-dimensional model including 
filament orientation and two-dimensional G-actin diffusion. Further abstraction finally leads to a one-dimensional 
model (C) which can even be treated analytically. The detailed reactions taken into account in our models are 
depicted in (D). After nucleation, filaments grow at their plus-ends and shrink at their minus-ends. Both rates are 
heavily modulated by plus-end capping and minus-end debranching (=un-capping). Further modulation arises from 
binding of accessory proteins (ADF/cofilin and tropomyosin). The computer simulation further accounts for 
filament severing and annealing. 
Geometry. For both models the focus was set on the central part of the keratocyte 
cytoskeletal extension (gray region marked in Figure 3.4). As a reasonable approximation, the 
model comprises a 10µm long and 1µm wide stripe with a constant height of 170nm
73
 
[Svitkina et al., 1997; Abraham et al., 1999; Laurent et al., 2005]. In our models, the height 
only represents a conversion factor between particle number and molar concentration and 
the models effectively are one dimensional (the mathematical model) or two dimensional 
(the computer simulation).  
Filament nucleation. Keratocytes propulsion is generally associated with filopodia free, 
Arp2/3 driven network formation and there is no clear evidence that further nucleation 
mechanisms like formins are required for keratocytes motion. In addition, spontaneous 
nucleation is thought to be strongly suppressed by highly concentrated sequestering proteins 
(which thereby are implicitly included into the model) [Pollard et al., 2000]. Therefore, only 
Arp2/3 based filament nucleation was considered.  
To nucleate filaments, Arp2/3 has to be activated by WASP/WAVE proteins which are located 
at the plasma membrane. It is still a matter of debate whether the Arp2/3 complex diffuses 
freely after activation or whether it remains attached to the WASP/WAVE protein [Dawes et 
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 AFM measurements done by Laurent et al. [Laurent et al., 2005] studies report a constant height of 100-200 nm 
for the first ~10 µm of the keratocytes protrusion. Earlier EM data on fibroblast however suggests a slowly 
increasing height towards the cell body [Abercrombie et al., 1971]. For the sake of geometrical simplicity, 
however, we decided to stick to a constant height. 
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al., 2006; Beltzner and Pollard, 2008; Achard et al., 2010]. Following arguments from 
[Carlsson, 2003] we consider a nucleation scenario where Arp2/3 activation is rate limiting. As 
a consequence, nucleation is nearly independent of the F-actin concentration at the leading 
edge, which is why we assume a constant nucleation rate nucr . Later, in section 3.4.1, I will 
discuss in more detail the alternative dependencies of the nucleation rate, e.g. on g- and F-
actin density
74
.  In agreement with experimental observation, filament nucleation is located 
right at the leading edge [Lai et al., 2008].  
Network structure and mechanics. Unlike many other cell types, keratocytes display a 
constant very high ratio between protrusion velocity and retrograde flow velocity (Figure 3.3) 
giving the impression that the actin network nearly remains stationary with respect to the 
substrate [Vallotton et al., 2005; Knorr et al., 2011]. The overall velocity of the actin network 
with respect to the advancing leading edge thus is approximately constant ( .growthv const≈ ). 
As a consequence, the actin network was considered to be rigidly crosslinked, such that the 
velocity of the foremost pushing filaments is directly transferred to all other filaments
75
. This 
allows us to largely ignore the internal mechanical structure of the actin network. By implying 
a homogeneous filament backward flow, the detailed architecture induced by Arp2/3 
branches is decoupled from the entire actin network behavior. Consequently, Arp2/3 is only 
modeled as an effective minus-end capper, preventing newly formed filaments from 
disassembly. The filament orientation is then assigned to each newly initiated filament 
following the desired angular probability function (typically allowing only ±35° angles or 
broader distributions peak around those values, see also appendix A). While the simulation 
thereby remains two dimensional with full two dimensional G-actin diffusion, the 
mathematical model is further reduced to one single dimension. Here, the filament angle is 
nothing else than a modulation of the length increment per added actin monomer (Figure 
3.7). Due to an average filament length that is typically much smaller than its persistence 
length, single filaments are approximated by rigid rods. 
As briefly introduced in section 3.1.2, the precise mechanism of lamellipodial force 
production is still under debate. Fortunately, stall force measurement [Brunner et al., 2006; 
Prass et al., 2006] and the comparatively low relative retrograde flow suggest, keratocytes in 
a 2D cell culture dish seem to be little restricted by opposing forces. Here the first aim is only 
to account for the intuitive fact that the number of growing filaments should exceed a certain 
density to efficiently overcome the opposing forces. This is realized by assuming that the 
single ﬁlament growth rate depends on the resistance of the cell membrane and be described 
using a thermal ratchet mechanism [Peskin et al., 1993; Mogilner and Oster, 1996]. Further, 
the load on the extending network is equally divided among the pushing filaments [Mogilner 
and Edelstein-Keshet, 2002]. 
Diffusion and reaction dynamics. Diffusion of G-actin is modeled explicitly assuming a 
constant diffusion coefficient that is independent of the filament density.  The local G-actin 
concentration G  then determines the filaments’ plus-end growth using experimentally 
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 Focusing on stable steady state conditions, however, the assumption of a constant nucleation rate will be 
adequate [Mogilner and Edelstein-Keshet, 2002]. 
75
 The experimental observation on which this approximation is based have been made for the steady forward 
migration of fish keratocytes [Vallotton et al., 2005;Knorr et al., 2011]. The situation is likely to change as soon as 
this steady state is perturbed e.g. by opposing forces (see also the model of Schreiber et al. [Schreiber et al., 
2010]). Here, the rigid-gel assumption might present a limitation of the model (see also section 3.6). 
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measured on and off rate constants [Pollard and Borisy, 2003]. Under consideration of the 
thermal ratched model of [Mogilner and Oster, 1996], plus-end growth of uncapped 
filaments is described by  
  /
  
Bcos f k T
on off
dn k G e k
dt
δ α+ − +
= − ,  
with onk  and offk  the experimentally measured on and off rate constants ,  cosδ α  the length 
increment per monomer in x  direction, Bk T  the thermal energy, and f  the opposing force 
per pushing filament. Plus-end capping, minus-end uncapping (i.e. debranching), minus-end 
depolymerization, and nucleotide hydrolysis are modeled as first-order and zero-order 
reactions with rates given in Table 2 
76
. Actin accessory proteins (Arp2/3, plus-end capper, 
ADF/cofilin, tropomyosin, profilin) are included in form of constant binding and unbinding 
rates. Hence, it is implicitly considered that they are distributed homogenously which should 
be a good approximation as long as they are not predominantly bound to actin filaments or 
as soon as a steady state is established
77
.  
For both ADF/cofilin and tropomyosin it is assumed that they exclusively bind to hydrolyzed 
F-actin subunits
78
.  Furthermore the two-step hydrolysis reaction ATP ADP Pi ADP→ + →  
is reduced to the one step reaction ATP ADP→ .  
In summary, the F-actin subunits can adopt one of four possible states: ATP-F-actin, ADP-F-
actin, and - having ADP-F-actin subunits as a basis- ADF/cofilin-F-actin and tropomyosins-F-
actin. Being in their ATP form after addition to a filament, F-actin subunits are irreversibly 
hydrolyzed to their ADP analogs with the hydrolysis rate rhyd. ADF/cofilin and tropomyosin can 
then bind ADP-F-actin in a mutually exclusive manner. While neglecting the slow tropomyosin 
unbinding by setting the off-rate to zero, the model accounts for ADF/cofilin unbinding at a 
rate rac
-
 to mimic its potential deactivation (e.g. by LIM kinases [Bamburg, 1999; DesMarais et 
al., 2005]). 
The recycling of depolymerized actin monomers e.g. by the help of profilin is not modeled 
explicitly. Since these processes were shown to be comparatively fast [Mogilner and 
Edelstein-Keshet, 2002], all free actin monomers are considered to be effectively bound by 
profilin and to be present in their ATP form. 
ADF/cofilin and tropomyosin binding. As a first approximation, ADF/cofilin and tropomyosins 
binding are assumed to target individual F-actin monomers without cooperative effects so 
that they can be modeled by single binding constants rac and rtm. For technical reasons it is 
assumed that tropomyosin binds to ADP-F-actin subunits with a 1:1 stoichiometry. Actually, a 
single tropomyosin molecule binds to six or seven neighboring F-actin subunits [Cooper, 
2002] so that our model explores the lower bound of the actin stabilizing effect. Possible 
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 Hence random hydrolysis is assumed which is strongly favored by many authors when compared to ‘vectorial 
hydrolysis’ [Bindschadler et al., 2004;Vavylonis et al., 2005;Brooks and Carlsson, 2008]. 
77
 All effects coming from potential limitation of available accessory protein amounts are thus ignored. Close to 
the system’s steady state the populations in solution and bound to filaments should have equilibrated, so here this 
assumption should hold. Possible stronger effect of accessory protein depletion, however, could take place for 
substantial perturbations of the steady state, e.g. when encountering obstacles (i.e. increasing opposing force).  
78
 Measurements show that ADF/cofilin binds with much higher affinity to ADP-bound F-actin subunits than to 
ATP subunits [Bamburg et al., 1999;Pollard and Borisy, 2003]. 
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consequences of alternative binding assumptions as suggested by several measurements 
[McGough et al., 1997; De La Cruz and Sept, 2010] will be discussed further in section 3.4.1. 
Minus-end disassembly strongly depends on the state of the terminal F-actin subunits. For 
undecorated and tropomyosin-decorated F-actin
79
, the same dissociation rate offk − is assumed 
while ADF/coﬁlin decoration leads to a 30-fold increased off-rate 
,off ACk −  and is hence 
considered a depolymerization enhancer [Carlier et al., 1997] .  
Convergence zone. As described earlier (section 3.1.4), the actin network disintegration 
within the convergence zone is still poorly understood. While the network’s reorganization 
within the convergence zone seems to be mainly driven by myosin motor induced contraction 
(section 3.1.4, [Svitkina et al., 1997; Verkhovsky et al., 1999; Adachi et al., 2009]), there is still 
no very plausible causal link between this reorganization and the enhanced actin 
disassembly. For this reason, the convergence zone in our model is implemented in a purely 
phenomenological way and not described by any particular molecular mechanism. In our 
model, all F-actin traversing the border of the model chamber is converted into G-actin 
immediately. Possible alternatives will be discussed in section 3.4.2. 
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 Tropomyosin is known to stabilize filaments by preventing filament depolymerization [Broschat, 1990]. 
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Parameter Value Description Source 
onk +  12 µM
-1
 s
-1
 On-rate constant of ATP-actin monomers to 
uncapped plus-end 
[Pollard and Borisy, 2003] 
offk +  1.4 s
-1
 Off-rate of actin subunits from uncapped 
plus-end 
[Pollard and Borisy, 2003] 
offk −  0.3 s
-1
 Off-rate of ADP-actin subunits from minus-
end 
[Pollard and Borisy, 2003] 
sac 30 Off-rate enhancement for ADP-actin 
subunits from minus-end when bound by 
ADF/cofilin 
[Carlier et al., 1997] 
Lsys 10 µm Length of lamellipodium/lamellum [Svitkina et al., 1997] 
h 0.17 µm Mean height of lamellipodium/lamellum [Abraham et al., 1999; 
Laurent et al., 2005]. 
δp 2.2 nm Filament length increment in x direction per 
subunit 
[Pollard et al., 2000; Schaus 
et al., 2007] 
D 5 µm
2
 s
-1
 G-actin diffusion coefficient [McGrath et al., 1998] 
A 350 µM Total actin concentration  Estimate based on [Abraham 
et al., 1999; Fleischer et al., 
2007; Schaub et al., 2007b] 
B 440 µM Concentration of growing plus-ends at the 
leading edge 
[Prass et al., 2006] 
Fmem 100 pN µm
-1
 Membrane resistance force per unit edge 
length 
[Mogilner and Edelstein-
Keshet, 2002] 
rcap 1 s
-1
 Plus-end capping rate [Schafer et al., 1996] 
rac 0.5 s
-1
 ADF/cofilin binding rate to ADP-F-actin Estimate based on [Carlier et 
al., 1997; Blanchoin and 
Pollard, 1999; Muhlrad et al., 
2006] 
acr
−
 0.2 s
-1
 ADF/cofilin unbinding rate Fit parameter 
rtm 0.2 s
-1
 Tropomyosin binding rate to ADP-F-actin Estimate based on [Weigt et 
al., 1991] 
rhyd 0.3 s
-1
 ATP hydrolysis rate on F-actin subunits Derived from [Svitkina and 
Borisy, 1999] 
rdeb 0.5 s
-1
 Debranching rate Derived from [Svitkina et al., 
1997] 
Table 2 Definition of model parameters based on experimental data and theoretical arguments given in section 
3.2.2. 
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3.2.2 Choice of model parameters 
All model parameters used are given in Table 2 together with references of the respective 
experimental measurements. Few parameters, however, demand further justification which 
will briefly be given within this section. 
Nucleation rate. Assuming a constant nucleation rate nucr  (in 
1 1m sµ − − ), the total number of 
growing plus-ends in the system's steady state can be derived from nucr  and the capping rate 
capr  (in 
1 1m sµ − −  and 1s− , respectively) following 
 ( )· ( · )
0
1
nuc
nuc cap
cap
rB r exp r t dt
r
∞
= − − =∫ ,  
with B  a one dimensional number density. One possible way to determine B  for living cells 
is stall force measurements. Such experiments have been performed for keratocytes and 
result in estimates of ~ 100  polymerizing actin filaments per micrometer of the leading edge 
[Brunner et al., 2006; Prass et al., 2006]. With a roughly known capping rate of ~  
1
1capr s
−
 
[Schafer et al., 1996; Pollard et al., 2000], steady state nucleation rate can be estimated to be 
 
1 1100 m sµ − − . 
Total actin concentration. Various approaches have been used to determine the total 
lamellipodial actin content. It is believed that most of the lamellipodial actin is in its 
filamentous form. Fleischer et al. [2007] estimated the actin concentration to be ~  250 Mµ  
by comparing tessellation models to electron micrographs. Schaub et al. [2007b] compared 
coarse-grained simulation data with fluorescence pictures and electron micrographs and 
found an actin concentration of ~  900 Mµ . Upon variation of the total actin concentration 
the best correspondence to experiments was obtained for an actin concentration of  350 Mµ . 
This total actin concentration was used for all data shown unless mentioned otherwise. 
Debranching. As explained above (section 3.2.1) Arp2/3 debranching was implemented as 
minus-end uncapping. Although debranching caused by ATP hydrolysis on Arp2/3 has been 
studied in vitro [Blanchoin et al., 2000; Le Clainche et al., 2003; Mahaffy and Pollard, 2006], 
the measured rates are far too low to explain electron micrographs of keratocyte 
lamellipodia/lamella where Arp2/3 induced branches appear to be limited to the foremost 
 1 mµ  region of the cytoskeleton [Svitkina et al., 1997] . Assuming a typical network transport 
velocity of about .  /0 25 m sµ , the debranching rate ucr can be estimated to be ~ .  10 5s−  which 
is in good agreement with data from speckly microscopy [Watanabe and Mitchison, 2002]. 
Tropomyosin and ADF/cofilin binding. ADF/cofilin binding rate constants have been 
measured experimentally and are in the range of . .
10 03 0 05 Msµ −−  [Blanchoin and Pollard, 
1999; Muhlrad et al., 2006] and typical cellular ADF/cofilin concentrations are in the range of 
 20 100 Mµ−  [Pollard et al., 2000]. Our modeling approach typical gives us a ratio of unbound 
to bound ADF/cofilin of around 1:10. Assuming a free ADF/cofilin concentration of ~10µM 
then gives a binding rate acr  to ADP-F-actin of ~ .  
10 5s− . Depending on the choice of the 
ADF/cofilin binding and unbinding rates ( acr , acr
−
), different tropomyosin binding rates  tmr  
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lead to reasonable agreement with fluorescence data. For plausible ADF/cofilin binding rates 
of about .  10 5 1s−− , those of tropomyosin have to be on the order of .  10 1 1s−− . This is in 
good agreement with in vitro assays where the half time of tropomyosin assembly with actin 
filaments was found to be ~  11s−  [Weigt et al., 1991]. Tropomyosin unbinding is assumed to 
be negligible on the short timescales relevant for the system presented based on 
experiments carried out by Ono and Ono [2002]. 
 
3.2.3 Computer simulation (implementation) 
The computer simulation was implemented in MatLab (MatLab 7.5.0, R2007b, Mathworks) 
and uses the kinetic Monte-Carlo method. The modeled elements are outlined in Figure 3.8, 
and the used parameters are given in Table 2. Further the assumptions and parameters are 
introduced and justified in section 3.2.1 and 3.2.2. This section focuses on the actual 
implementation of the computer simulation
80
. 
 
Figure 3.8 Scheme outlining the modeled elements. Actin monomers perform random walks determining the local 
G-actin concentration G. Constant nucleation takes place at x = 0. Filaments subsequently grow until capped. 
Network transport velocity equals the mean of the ﬁlaments’ growth velocities. F-actin monomers are subject to 
stochastic chemical reaction events, which occur with rate-dependent probabilities within each time step of 
duration t (depicted in Figure 3.7D). The convergence zone is implemented as instantaneous disassembly at the 
rear of the system.  
Actin monomer movement is described as stochastic Brownian motion. Probabilities of 
biochemical events are derived from known on- and off rates (Table 2). Time is discretized 
into fixed time steps (typically 50ms ) chosen to be fine enough to capture the system 
dynamics while still accomplishing the simulation within a reasonable computation time 
(typically  1day≤ 81). In each time step the stochastic events experienced change the system’s 
state. After a certain simulated time (typically ~  1 3min− ) the system reaches a steady state 
and the network properties fluctuate only slightly (Figure 3.9).  
Actin monomers are assumed to diffuse independently undergoing random walks. In each 
time step t∆ , every single G-actin monomer is displaced by Gaussian distributed values x∆  
and y∆ . The variance of the distribution and the length of a time step are related by the 
Einstein-Smoluchowski equation 
 ( ) 2 2Var x x D t∆ ∆= =  
where D  is the diffusion coefficient of monomeric actin in the network. t∆  has a strong 
influence on computation time and must be chosen to be sufficiently small to model all 
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 Unfortunately, this includes a certain redundancy of this section’s content regarding the previous and the 
following sections.  
81
 Simulations performed on a fast 3Ghz dual-core PC (i.e. “fast” in 2008). 
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events independently. For the data presented, time was discretized into 50ms  steps, small 
enough to model the fastest actin binding proteins (with rates of ~  11s− ) and which is well 
below the typical lifetime of an actin monomer in solution
82
. 
 
Figure 3.9 Simulation results for different initial conditions. (A) The system converges to a steady state after ~1–2 
min of simulated time. Although the simulation starting without F-actin displays stronger oscillations, both initial 
states converge to the same steady state. (B) Steady-state F-actin concentration curves show no signiﬁcant 
variations upon strong variation of the initial percentage of F-actin. 
Cyclic boundary conditions were applied to the two biochemically inactive system 
boundaries, while the two active boundaries (at 0x =  and  10x mµ= ) are modeled as 
perfectly reflecting borders. Nucleation takes place exclusively at the leading edge with a 
constant nucleation rate nucr . The nucleation rate was estimated on the basis of experimental 
data as described in section 3.2.2. Alternative nucleation models are discussed in section 
3.4.1. A random angle α  of either 35°+  or 35°−  with respect to the x axis is associated with 
every new filament. For comparison, two Gaussian distributions peaked at 35°±  were used 
instead of sharp 35°± angles to mimic experimentally observed angular distributions [Schaub 
et al., 2007b]. Varying the angular variance around the peak values from 0  - 20°  did not 
significantly alter the average network properties in our model (appendix A). 
As outlined in section 3.2.1, plus-end growth is described as
 //   Bcos f k Ton offdn dt k Ge kδ α−= − , 
with onk  and offk  the on- and off-rate constants,  cosδ α  the length increment per monomer 
in x  direction and Bk T  the thermal energy. The average force F  along the leading edge of a 
cell has been estimated to be ~   
1100 pN mµ −  [Mogilner and Edelstein-Keshet, 2002]. To 
obtain the force per growing filament f , the total force is divided by the number of growing 
filaments at the front. The local G-actin concentration G  is determined by counting the 
number of monomers that are located in a defined area around the plus-end. For all data 
shown a probe area of ~ .  
20 04 mµ was used to determine the local G-actin concentration, 
which is large enough to contain a suﬃcient number of monomers to support ﬁlament 
growth during one time step. The overall network properties remained virtually unchanged 
with larger probe areas. This area is too large to capture the stochastics of ﬁlament growth 
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 The dependence of simulation results on the choice of the time step was tested further and no signiﬁcant 
differences were found when using slightly longer or clearly shorter time steps (10–100 ms) See also the appendix 
in Huber et al. [2008]. 
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on a molecular scale. The model, however, was aiming at the overall network properties so 
that the main interest was not on ﬂuctuations on the millisecond scale. 
Plus-end capping and minus-end uncapping is modeled as first-order and zero-order 
reactions, respectively, with rates given in table (Table 2). The probability that a growing plus-
end is capped within a certain time step t∆  can be expressed as 
 ( ) 1 capr tcapp t e ∆∆ − ×= −  
Minus-ends of nascent filaments are assumed to be capped by Arp2/3 complex. Uncapping 
takes place with a rate ucr , thus the probability that uncapping has happened after time t∆  is 
 ( ) 1 ucr tucp t e ∆∆− − ×= −  
In a similar fashion stochastic binding of ADF/cofilin and tropomyosin to actin filaments was 
modeled. The probabilities for plus-end capping, minus-end uncapping, tropomyosin and 
ADF/cofilin binding or unbinding are applied each time step to each F-actin subunit.  
Minus-end disassembly strongly depends on the state of the terminal F-actin subunits. For 
undecorated and tropomyosin-decorated F-actin the same dissociation rate of .  10 3s− was 
assumed, while ADF/cofilin decoration leads to a 30-fold increased off-rate [Carlier et al., 
1997]. The F-actin subunit composition is averaged over the terminal 10 subunits to 
determine the mean dissociation rate
83
. Depending on the number of ADF/cofilin-decorated 
monomers acn  within this terminal, the mean dissociation rate becomes 
 ( )/ . ( ) .1 11 10 30 0 3 10 0 3off ac acr n s n s− −= × × + − ×  
All F-actin traversing the border of our system (at  10x mµ= ) instantaneously disassembles. 
This ad hoc mechanism was used to limit network extension as observed in motile cells 
[Vallotton et al., 2004] (see also section 3.2.1). 
The total actin concentration was set to  350 Mµ  for all simulation runs. As initial conditions, 
either a randomized uniform distribution of G-actin monomers or a randomized distribution 
with %80  of actin in filamentous form was chosen. An exponential initial length distribution 
was assumed for the actin filaments together with a random position and a random angle of 
 35°± . In both cases we started without bound ADF/cofilin or tropomyosin. We could not 
observe significant differences between steady-state values originated from the two different 
initial conditions (Figure 3.9). 
Filament severing and annealing 
In vitro experiments indicate that actin ﬁlament fragmentation is strongly promoted by 
ADF/coﬁlin [Andrianantoandro and Pollard, 2006; Pavlov et al., 2007]. To account for this 
effect, the assumption that a filament can only be fragmented where ADF/cofilin is bound 
was made. At every ADF/cofilin-decorated F-actin subunit, a constant severing rate sevr was 
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 For comparison, minus end disassembly was also modeled without averaging, taking into account only the state 
of the very terminal F-actin monomer. Although it was still possible to reproduce experimental data, the averaged 
off-rate better reflects the fact that filaments partially decorated with ADF/cofilin already show significantly higher 
depolymerization rates [Carlier et al., 1997]. Without averaging, the filament destabilizing effect of ADF/cofilin is 
underestimated, which results in comparatively low off-rates and only slight differences between partially 
ADF/cofilin decorated and ADF/cofilin free filaments. 
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applied
84
. Filament diffusion after severing is ignored, i.e., the filaments are transported with 
the network even after a fragmentation event. This can be justified with the fact that in 
entangled actin networks filament diffusion is very slow [Käs et al., 1996]. Furthermore, the 
lamellipodial actin network is believed to contain transient crosslinks. Both arguments do not 
apply to very short fragments, which indeed will be able to diffuse within the network. 
Nevertheless, the negation of filament diffusion seems a valid first approximation.  
Filament annealing demands a more complex modeling approach because it is a second-
order reaction that additionally depends on the length of the actin filaments [Teubner and 
Wegner, 1996; Andrianantoandro et al., 2001]. Following Andrianantoandro et al. [2001], 
filament annealing is described by 
 
( ) / ( )( ) /
( )
2
anneal
kdN x dt N x
L x
k N x
δ− = ×
= ×
 
with ( )N x  the number concentration of filaments and k  the annealing rate constant (in 
1 1M sµ − −  times length in subunits). ( )L x  Is the mean filament length at position x  (in mµ ) 
and δ  the length increment per monomer (Table 2). Following Fass et al. [2008] a length 
dependent pseudo-first order annealing rate annealk is used. To determine ( )N x , only filaments 
without capped minus-ends are considered reflecting the fact that our model treats Arp2/3 
as a minus-end capper.  During annealing the filament farther away from the leading edge is 
removed and 'pasted' to the minus-end of the front filament.  
Plotting of Simulation Data 
Unless otherwise mentioned, all simulation curves were averaged from 60 frames taken at 
intervals of one second (simulated time). Within this time period the network undergoes 
approximately one full array treadmilling cycle, i.e., based on typical velocities of 
~  /10 m minµ , the whole network is recycled completely. By this average mean value curves 
are obtained and most steady-state fluctuations are smoothed out.  For comparison with 
experimental fluorescence images the simulated actin networks were coarse-grained further. 
To mimic the limited optical resolution of fluorescence microscopy, a Gaussian blur was 
applied based on an estimated optical resolution of  . /0 61 NAλ×  [Born and Wolf, 1999], 
similar to the method developed in [Schaub et al., 2007b]. For the results shown later 
(section 3.3.1), a wavelength of 600nm and a numerical aperture of 1.3 were assumed. 
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 This only represents the simplest possible way to implement ADF/cofilin promoted fragmentation. Recent 
experimental findings, however, indicate that it might not be ADF/cofilin itself but the boundaries between 
ADF/cofilin decorated and non-decorated F-actin segments that are prone for fragmentation [De La Cruz, 2009;De 
La Cruz and Sept, 2010]. 
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3.2.4 Mathematical modeling 
Computer simulations allow a very direct, hence intuitive, implementation of a large number 
of different low-level rules. They remain easily accessible for model extensions and variations 
and thereby facilitate quick first testing of additional hypothesis (or rules). Simply by 
repeatedly applying the postulated interaction rules to the microscopic elements, a higher 
level of complexity is generated out of low-level properties (section 2.1.1 and 2.1.3). Since 
the postulates set of rules can be very complex and non-linear, it is easily possible to 
generate non-trivial emergent behavior. The way computer simulations are run, often 
resembles bottom-up experiments. The simulation’s outcome is typically evaluated in the 
language of the higher level of complexity and not in terms of its most basic elements. This 
leads to their most important disadvantage: Even if the simulation’s outcome resembles the 
expected, it does not necessarily provide a direct, intuitive understanding. At first it only tells 
us, that the initial set of rules suffices to generate the observed behavior. To access the ‘why 
does it do so?’, the influence of the various simulation parameters needs to be interpreted 
accordingly (just like one would do for ‘real’ experiments).  
By formulating the system’s inherent relations in form of mathematical equations, an 
analytical description can provide a more profound understanding
85
. As I will argue later 
(section 3.6), the analytical description facilitates a further abstraction and thereby a 
reduction to the most general underlying mechanisms.  
 
The mathematical model consists of a set of coupled one-dimensional integral and 
differential equations describing the actin network turnover under steady state conditions. In 
contrast to the computer simulation, all quantities are here described as continuum 
concentrations (or densities) instead of individual filament subunits or G-actin monomers.  
 
Figure 3.10 Model system geometry. The mathematical description is one dimensional with the model’s geometry 
being invariant under translation in the y and z direction. 
The coordinate axis of the one-dimensional model system (Figure 3.10) is oriented 
perpendicular to the leading edge of the cell, with its origin on the leading cell edge 
(‘stationary frame’). Reference frames moving in the +x direction with the speed of the 
network will be referred to as ‘moving frames’. All model assumptions and parameters are 
introduced and justified in section 3.2.1 and 3.2.2 and all used parameters are given in Table 
2. 
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 Some other advantages of an analytical approach are summarized in Stuhrmann [2009]. 
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Core quantities of the mathematical model are: 
( )F x  F-actin concentration (F-actin subunit concentration), µM  
( )G x  G-actin concentration, µM 
( )M x  minus-end concentration (branched and debranched filaments combined), µM 
( )dJ x  depolymerization source density, µM s-1 
( , )P L x  filament length distribution, µm-1 
( )meanL x  mean filament length, µm 
 
Depending on how long an actin monomer is already incorporated into an actin filament, i.e. 
its dwell time (tdwell), its probability for being in one of the possible F-actin states changes. 
Accordingly, we define the following state probabilities of F-actin subunits as a function of 
tdwell: 
( )atp dwellp t  probability of being in its unhydrolyzed ATP state 
( )adp dwellp t  probability of being in its hydrolyzed ADP state, free of accessory protein 
( )ac dwellp t  probability of being ADF/cofilin decorated 
( )tm dwellp t  probability of being tropomyosins decorated 
 
All these states are mutually exclusive, such that 1atp adp ac tmp p p p+ + + = . Further, the entire 
filaments are capped or uncapped depending on their age t (time since nucleation) with the 
following probabilities: 
pdeb(t) probability that a filament has debranched 
puc(t) probability that a filament’s plus-end is still uncapped  
 
In the presence of two non-synchronized time scales, the filament age t  and the subunit age
dwellt , lies one of the main difficulties for modeling
86
.   
 
Nucleation, growth, and depolymerization of filaments. Actin filaments are nucleated with 
constant rate nucr  at the position x=0. Actin monomers elongate filament plus-ends in a 
concentration dependent manner and dissociate at a constant rate, leading to a plus-end 
growth rate of 
 ( )exp / ( ) ( )0on p B offr k f k T G kδ+ + += − − , [1] 
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 As an illustration: a permanently treadmilling filament principally lasts forever, so that the filament age can go 
up to infinity. An individual subunit, however, will always have a dwell time between zero and as maximum the 
duration of a full treadmilling cycle. As another example: If minus-end capping and nucleation occur 
simultaneously, the last minus-end subunit’s dwell time equals the filament age. 
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where onk + and offk +  are the on- and off-rate constants at the plus-end, ( )0G is the G-actin 
concentration at 0x = , Bk  is the Boltzmann constant, T  is the temperature, f  is the force 
acting per single filament in the x direction, and pδ  is the projected filament length 
increment in the x direction per added monomer
87
. The boundary monomer concentration 
( )0G in Equation [1] has to be determined by solving the coupled system of all following 
equations. The plus-end rate r +  defines the network growth rate (at the same time the 
filament transport velocity) 
 pV rδ += . [2] 
Taking the state conversions of F-actin into account, the state probabilities of an F-actin 
subunit, ( ), ( ), ( )atp dwell adp dwell ac dwellt t tp p p , and ( )tm dwellp t , as functions of its dwell time dwellt  
are solutions of a coupled system of differential equations 
 
0 0 0
0
0 0
0 0 0
atp hyd atp
adp hyd ac tm ac adp
ac ac ac acdwell
tm tm tm
p r p
p r r r r pd
p r r pdt
p r p
−
−
−    
    
− −    
=
    
−
    
    
. [3] 
Net disassembly only occurs on filament minus-ends and its rate depends on the subunits’ 
state. Here, we will simply average over the final subunit’s composition to obtain
( )( ) ( ) ( ) ( )free dwell off adp dwell tm dwell ac ac dwellr t k p t p t s p t− −= + + . The factor  1acs >  thereby accounts for 
the increased subunit dissociation upon ADF/cofilin binding
88
. Bound tropomyosin brings the 
dissociation rate back to its in vitro value offk − , mimicking its actin stabilizing effect. Since 
branching is considered as minus-end capping, ( )free dwellr t− only refers to minus-ends of 
debranched filaments. Filament debranching is modeled as a Poisson process with rate rdeb, 
yielding a probability that a daughter filament has separated from its mother filament of 
( ) exp( )1deb debp t r t= − − , with t being the filament age. The net minus-end rate ( )r t−  is then 
obtained by multiplication of the free minus-end rate ( )free dwellr t− with this debranching 
probability. For the minus-end off rate only the terminal subunit’s dwell time is of 
importance. This subunit is at the same time the oldest subunit of a filament and as long as a 
filament remains branched, we get dwellt t= . After debranching of a filament and the 
subsequent beginning of its depolymerization this changes to dwellt t< . By estimating the 
maximal deviation between the two time scales for the given set of parameters, we find that 
both time scales will in most cases deviate by far less than 10%, so that we can strongly 
simplify our system by setting dwellt t≈
89
. The minus-end rate ( )r t−  then only depends on t: 
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 The exponential accounts for the dependence of the on-rate on the resistance experienced by elongating 
filaments according to the thermal ratchet model. See also [Mogilner and Oster, 1996]. 
88
 As explained in section 3.2.1, we assume a 30-fold increase due to ADF/cofilin binding [Carlier et al., 1997]. 
89
 The highest deviation of both time scales will certainly occur when assuming the fastest possible minus-end 
shrinkage, i.e. instantaneous debranching and instantaneous binding of ADF/cofilin. The minus-end rate of a 
filament is then constant at ·
−
ac offks . The minus-end position, ·=m dwelltx V , can than also be expressed as 
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 ( )( ) ( ) ( ) ( ) ( exp( ))1off adp tm ac ac debr t k p t p t s p t r t− −= + + − −  [4] 
Equations [1] and [4] describe the rates of filament length change at the filament plus- and 
minus-end and together determine the length of a filament as a function of time. 
Plus-end filament capping. Plus-end filament growth lasts until (irreversible) capping takes 
place. According to our model, each filament's history is fully determined by the time the 
filament stayed uncapped, uct , and the subsequent period of time that it has been capped, τc. 
The network is composed of filaments with a wide range of combinations of τc and uct . Plus-
ends of capped filaments stop growing and are transported backwards within the network 
with the growth rate V of the remaining uncapped filaments. All filaments with the same τc 
therefore share the same plus-end position and will henceforth be identified as a ‘group’
90
. 
The length of a filament can be expressed as a function of its capped time τc and uncapped 
time uct by 
 ( , ) ( ') '
0
uc ct
uc c p ucL t r t r t dt
τ
τ δ
+
+ −
 
= − 
  
∫  [5] 
Here, the first term represents plus-end filament growth during remaining uncapped and the 
second term integrates the entire disassembly history. Since plus-end capping is modeled as 
an irreversible first order reaction with capping rate rcap, the probability that a filament 
remains uncapped after time t is given by ( ) exp( )uc capt rp t= − . This allows to determine the 
fraction of filaments of a group which experiences plus-end capped between uct and uc uct dt+  
 
( )( ) exp( )
( ') '
0
uc uc uc
uc uc cap cap uc uc
uc
p t dt
t dt r r t dt
p t dt
θ
∞
= = −
∫
. [6] 
As explained in section 3.2.1, the plus-end density at the leading edge is given by /nuc capB r r=
with nucr being the steady state nucleation rate at the leading edge (in µM s
-1
). The force f  
on a single filament used in Equation [1] then is / ( )mem pf F Bhδ η= , with memF  the membrane 
resistance force per unit edge length, h  is the height of the cell front, and η is the conversion 
factor between the density units µM and µm
-3
(Table 2). 
Network density. The total F-actin density at a given position x  is obtained by adding up the 
contributions of all groups that cross this position (Figure 3.11). Since all filament plus-ends of 
a group τc are shifted by a distance cVτ with respect to the leading edge, a moving frame with 
coordinate cx x V τ≡ − can be assigned to each group. Each group’s F-actin fraction present at 
distance x  is then given by 
 
{ }
( , )
( , )
( , ) ( ) exp( ) exp( ( , ))
uc c
uc uc c
c uc uc cap uc cnuc ap uc ct x
t L
nuc nuc
t x
f x r t dt r r t r r t x
τ
τ
τ θ τ∞
>
= = − − = −∫ 

   . [7] 
 
                                                                                                                                                                        
· ·m p ac offx sV t k tδ −= − . Taking a typical velocity of min 110V µm −= , one gets ./ 1 14dwellt t ≈ . See also the 
supplemental material S2 in Stuhrmann et al. [2011]. 
90
 There is a continuous distribution of capped times τc and hence an infinite number of groups. 
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Figure 3.11 Each group is characterized by its time of being capped cτ which determines the plus-end position of 
all filaments of one group to be at a distance cVτ away from the leading edge. While x is the coordinate of the 
stationary frame, a moving frame with cx x Vτ= − can be assigned to each group. To derive the total F-actin 
density at a given position x , the contributions of all groups crossing this position need to be added up.   
The integration range includes all uncapped times uxt  for which the filament length ,( )uc cL t τ  
exceeds the minimal length x (τc is constant here and represents the current filament group). 
For physiological minus-end depolymerization rates, ( )r t r− +<  always holds and hence 
,( )uc cL t τ increases monotonically with uxt . The integration range hence goes from 
( , )uc ct L x τ=  , which is determined by equation [5], to infinity. ( , )cf x τ  represents the group 
contribution to the filament density in the moving frame. In the stationary frame, this 
contribution becomes 
 ( , ) H( ) ( , )c c c cf x x V f x Vτ τ τ τ= − − , [8] 
with ( )H x  the Heaviside function. The sum of all groups’ contributions composes the total 
density of capped F-actin: 
 ( )
/
( ) ( , ) exp ( , )
0 0
x V
c c c capnuc uc c c cF x f x d r r t x V dτ τ τ τ τ
∞
= = − −∫ ∫  [9] 
Besides the groups of capped filaments there exists one additional group of uncapped 
filaments. This groups remains in a growing state and its total filament concentration 
corresponds to the uncapped plus-end density at the leading edge which is given by 
/nuc capB r r=  as explained earlier. The concentration profile of uncapped F-actin is then given 
by 
 
( , )
( ) ( ) / exp( ( , ))
0
0
uc
uc uc uc cap cap ucnuc
t x
F x B t dt r r r t xθ
∞
= = −∫ . [10] 
Added to the before derived contribution of all capped filaments (equation [9]), we finally get 
the total F-actin density 
f(x,τc0) f(x,τc1) f(x,τc2) f(x,τc3)
x
x = x - Vτc2
~
Vτc1
Vτc2
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 ( ) ( ) ( )cucF x F xF x +=  [11] 
Filament length distribution. The fraction of filaments of a group cτ  with a length L is given 
by ( ( , ))uc c uct L dtθ τ 91. Of all filaments exceeding a length x , the filaments with length L make 
up the fraction 
 
{ }( , )
( ( , ))
( ; , ) H( )
( )
c
uc uc c
uc
uc c
c
uc uc
t L t x
t
t L dL
L
p L x dL L x
t dt
τ
τ
θ τ
τ
θ
>
∂ 
 ∂ 
= −
∫

    [12] 
Transformation into the stationary frame yields ( ; , ) H( ) ( ; , )c c c cp L x x V p L x Vτ τ τ τ= − − as 
the probability (in µm
-1
) that a filament of the group cτ which transects position x has length
L . The total filament length distribution ( , )P L x , consequentially is the weighted sum of the 
contributions of the individual groups, ( ; , )cp L xτ , whereby the weight coefficients are given 
by each group's share of the total F-actin concentration at the respective position, 
( , / ( ))c cdf x F xτ τ , resulting in 
 ( )( , ) ( )( , ) ( ; , ) ; ,( ) ( )
0
0
c uc
c c
f x F xP L x p L x d p L x
F x F x
τ
τ τ
∞
= +∫ . [13] 
The last term accounts for the contribution of all uncapped filaments. The mean filament 
length at position x is the sum of all possible filament lengths, weighted by the probabilities 
of their occurrence:  
 ( ) ( , )
0
meanL x L P L x dL
∞
= ∫  [14] 
 
 
Network disassembly. Filaments debranch and subsequently depolymerize from their minus-
ends. The minus-end concentration profile of a group (in µM s
-1
) is given by  
 ( , ) ( , )c p cm x f x
x
τ δ τ∂= −
∂
  

 [15] 
The total minus-end density is derived by transformation into the stationary frame and 
integration over all groups to 
 ( ) ( , ) ( )
0
c c p ucM x m x d F x
x
τ τ δ
∞ ∂
= −
∂∫
 [16] 
with ( , ) H( ) ( , )c c c cm x x V m x Vτ τ τ τ= − − .  
Again, the second term contains the minus-end contribution of the uncapped filaments. The 
product of the minus-end concentration ( )M x  and the minus-end depolymerization rate 
( )r t− forms the actin depolymerization source density ( )dJ x , i.e., the number of actin 
monomers being disassembled per time and volume (in µM s
-1
).  
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 With ( , )uc ct L τ  again being determined by equation [5]. 
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Substituting /t x V= results in 
 ( ) ( / ) ( )dJ x r x V M x−= . [17] 
G-actin diffusion. The G-actin concentration ( )G x  is described by the diffusion equation with 
depolymerization source density ( )dJ x as source: ( / ) ( / ) ( )2 dt G D x G J x∂ ∂ = ∂ ∂ + . In the 
stationary steady state the time derivative vanishes, so that we get 
 ( )( ) ( '') '' ' 1 21 dG x J x dx dx C x CD= − + +∫ ∫ . [18] 
The representation of the cellular convergence zone at sysx L= results in a G-actin influx of 
the entire F-actin material flow at sysx L= : 
 
( )( )
sys
sys
x L
F L VG x
x D
=
∂
=
∂
 [19] 
This fixes 1C from equation [18]. Furthermore, 2C  can be determined by assuming a fixed 
total amount of actin Awhich leads to: 
 ( )( ) ( )1
0
sysL
sysA L G x F x dx−= +∫  [20] 
The free variable ( )0G can then be determined by solving equation[20]. 
For modeling the cellular lamellipodium/lamellum network, the model system is confined by 
the convergence zone expressed in equation [19] where all F-actin instantaneously 
depolymerizes. In the absence of this boundary condition, the model describes an unconfined 
system that resembles more closely the bead motility experiments introduced in section 
3.1.1. Results for both scenarios will be presented in section 3.3.  
Numerical solution. The equations of the model were discretized and solved numerically in 
an iterative process illustrated in Figure 3.12. Starting from an initial guess of the G-actin 
concentration at the leading edge ( )0G , the coupled equations eventually return an output 
value for ( )0G with equation[20]. A consistent set of solution functions was obtained by 
iteratively adjusting ( )0G until the resulting output value differed from the input value by less 
than 50 nM
92
. All integrations were carried out using the trapezoidal rule. All differentiations 
were carried out using backward differencing. A further simplified case allows deriving a 
(semi-)analytical solution (appendix B). Resulting analytical solutions were compared to the 
corresponding numerical predictions in order to further validate and test the numerical 
results. A discretization of 0.02 µm in space and 0.01 s in time was found to be sufficient to 
reproduce the analytical results with adequate precision
93
. Due to the significantly larger 
dimension when modeling unconfined systems, the spatial discretization was chosen coarser 
in these cases to allow efficient computing (never exceeded 0.1 µm). 
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 With typical values of ( )0 10∼G Mµ this deviation corresponds to 0.5%.  
93
 Less than 5% deviation in all data (see also supplemental material in Stuhrmann et al. [2011]). 
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Figure 3.12 Schematic drawing of the different functions’ interplay. The arrows indicate the way the equations can 
be solved numerically. The steady state conditions are derived by iterative adjustments.  
3.3 Modeling results 
A thoroughly worked out set of model assumptions (section 3.2.1) together with a set of 
physiologically and theoretically justified parameters (section 3.2.2) was chosen to describe 
the lamellar actin network treadmilling. A computer simulation (section 3.2.3), as well as a 
mathematical formalism (section 3.2.4) has been applied to access the model system’s higher 
level properties resulting from the assumed underlying element interactions.  
Comparing results produced with the two different approaches (for an identical choice of 
parameter values), we not only found qualitative agreement, but even a very good 
quantitative match
94
. The successful reproduction of simulation data by the mathematical 
model indicates that all essential mechanisms have been fully captured in our mathematical 
formalism. Due to the data’s high overlap and its generally good agreement, I will present the 
results of both modeling approaches in parallel.  
Despite this large overlap, however, the two modeling approaches differ in their range of 
application. The mathematical formalism easily allows a wide range of geometries, e.g. the 
treatment of unconfined systems without the restricting convergence zone
95
. Broad 
parameter scans are better accessible with the mathematical model as well. The computer 
simulation, in contrast, facilitated incorporation of additional interaction mechanisms and 
                                                           
94
 Always below 25% deviation for each data point, in most cases even below 5% deviation. 
95
 Of course, principally this could be done with the computer simulation as well. The computation time, however, 
strongly depends on the number of simulated elements making overly large systems unfeasible.  
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principally is better suited to address the stochastic nature of the underlying processes
96
. 
Filament severing and annealing, for instance, were exclusively studied with the computer 
simulation. Moreover, 2D pseudo-fluorescence images could naturally only be generated 
from simulation data.  
 
3.3.1 Reproduction of motile cell characteristics 
The model parameters were estimated or taken from literature having fish keratocytes as 
model cell type in mind (Table 2). Within the range of this parameter set both the computer 
simulation and the mathematical model were able to consistently explain experimentally 
observed properties on the cellular level.  
Network growth velocities typically are in the range of 10 to 15 ·
1m minµ − and filament 
densities of ~500 filaments intersecting an area of 
21 mµ , which is consistent with 
experimental findings [Small et al., 1995; Svitkina et al., 1997; Koestler et al., 2008]. Under 
the assumption that all filaments adopt angles of 35°±  with respect to the normal to the 
front, this filament density corresponds to a F-actin concentration of ~  400 Mµ .  
 
Figure 3.13 Normalized concentration profiles of F-actin, ADF/cofilin-F-actin and tropomyosin-F-actin obtained 
with the computer simulation (dotted line) and the mathematical formalism (dashed line) in comparision with 
keratocyte fluorescence curves (solid lines, data taken from [Svitkina et al., 1997]). F-actin as well as ADF/cofilin-F-
actin predictions are in good agreement with the experimental data and all show the same characteristic spatial 
shift between the F-actin and the ADF/cofilin signal at the leading edge. With respect to the predicted 
tropomyosins profiles the ADF/cofilin decorated F-actin dominates within the first 2-3µm, whereas further back 
tropomyosin is the dominating element.  
A comparison with data from Svitkina et al. [1997] shows that modeled F-actin and 
ADF/cofilin-F-actin signales precisely match the measured fluorescence curves (Figure 3.13). 
The experimentally observed fluorescence curves in particular show a characteristic crossover 
of bound ADF/cofilin intensity and F-actin intensity, i.e., the fraction of F-actin decorated with 
ADF/cofilin decreases after reaching a first maximum at around 2 µm. This strongly indicates 
an ADF/cofilin deactivating element which in our model is realized by a competitive binding 
of ADF/cofilin and tropomyosin. Spatial separation can only be achieved with a significant 
difference between ADF/cofilin and tropomyosin unbinding rates
97
. ADF/cofilin unbinding 
rates ( acr
−
) necessary to reproduce the experimental fluorescence curves were found to be on 
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 Here, I focus on the steady state of the treadmilling actin networks. In principle, however, the simulation also 
permits studying perturbed situations (see Figure 3.9 and section 3.4).  
97
 More on competitive and cooperative binding reaction can be found in Huber and Käs [Huber and Käs, 2011]. 
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the order of .  10 2s− , while at the same time tropomyosin unbinding is assumed to be 
negligible. The model predicts a concentration profile of actin-bound tropomyosin, which has 
not yet been obtained experimentally for keratocytes. Experimental data for other cell types, 
however, supports the predicted trends [Iwasa and Mullins, 2007].  
 
Figure 3.14 Computer-generatedpseudo-ﬂuorescencesignals. The simulated F-actin network (A) is coarse-grained 
using a Gaussian blur to mimic the optical resolution limit of light microscopy (see text), yielding pseudo-
ﬂuorescence F-actin (B) and ADF/coﬁlin (C) signals. An angular variance of 15° was used. (D) Overlay of F-actin and 
ADF/coﬁlin signal is in qualitative agreement with experimental data. 
The simulation-generated actin networks furthermore permit a direct visual comparison with 
cellular fluorescence data. A computed network for precisely the parameters used to 
generate the concentration profiles shown in Figure 3.13 and under the additional 
assumption of an angular variance of the filament orientation of 15° is shown in Figure 3.14A. 
By applying Gaussian blur to further coarse-grain the network according to the optical 
resolution limit (see section 3.2.3), pseudo-fluorescence images could be derived
98
 as shown 
in Figure 3.14B-D. These pseudo-fluorescence images qualitatively agree with ﬂuorescence 
data on keratocytes [Svitkina and Borisy, 1999]. 
Further agreement with experimental data was found when looking at the modeled filament 
length distributions and network disassembly characteristics. A transition from mainly short 
to mostly long actin filaments was found to take place at around 1µm (Figure 3.15), which is 
in good agreement with experimental observations [Svitkina et al., 1997; Svitkina and Borisy, 
1999; Pollard and Borisy, 2003]. Furthermore , a maximal network disassembly at around 
2µm from the leading edge is predicted, which is tunable in position and shape by the 
variations of the tropomyosin concentration (Figure 3.15 and Figure 3.16). A closer look at 
these features reveals that together they constitute two spatially distinct substructures 
corresponding to the lamellipodium and the lamellum, which in the following will be 
examined further. 
3.3.2 Self-organization into lamellipodium and lamellum 
In summary, three characteristic (and robust) features were found with both the 
mathematical model and the computer simulation indicating an inherent tendency of 
growing actin network to form two distinct substructures: lamellipodium and lamellum.  
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 Method is similar to Schaub et al. [2007b]. 
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Figure 3.15 Numerically solved actin network characteristics indicating a transition between two distinct 
substructures located ~1-2µm behind the leading edge. (A) The uncapped minus-end concentration ( )ucM x
reaches a maximum at ~1.5µm. Similarly, the total depolymerization flux dJ  shows a maximum between 1 and 
2µm. (B) The mean dissociation rate ( ) / ( )d ucJ x M x  shows a maximum at 1.5 to 2µm. The mean filament 
length strongly increases within the first ~1µm, an important indicator of the transition between the two distinct 
substructures. (C) Filament length distributions at different positions reveal a drastic loss of mainly the shortest 
filaments within the foremost 0.2µm. (D) The F-actin density strongly decreases towards the rear while the G-actin 
concentration rises. (Abbreviations used: Lp - lamellipodium, La - lamellum). 
First, within the initial ~1µm a transition from mostly short filaments to significantly longer 
ones is apparent (Figure 3.15B). Second, the total actin disassembly profile displays a global 
maximum at 1 to 2µm from the leading edge (Figure 3.15A). Third, as shown in Figure 3.13 
and Figure 3.14, the modeled actin network self-organizes into an ADF/cofilin dominated 
front part and a subsequent tropomyosin dominated section. This is in good agreement with 
experimental observations pointing out that tropomyosin is absent from regions of the 
leading edge [DesMarais et al., 2002; Iwasa and Mullins, 2007]. These three criteria largely 
correspond to criteria used by various experimentalists to distinguish lamellipodium and 
lamellum [Ponti et al., 2004; Chhabra and Higgs, 2007; Iwasa and Mullins, 2007].  
The difference in filament length is very apparent in EM images of moving keratocytes 
[Svitkina et al., 1997; Svitkina and Borisy, 1999](Figure 3.4) and is considered to be a general 
characteristic of the lamellipodium-lamellum transition [Chhabra and Higgs, 2007]. This is 
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consistent with the model’s predictions showing a steep increase of the mean filament length 
within the foremost micron of the network (Figure 3.15B).  This rising average actin filament 
length at a certain distance from the leading edge can be understood in detail by having a 
closer look at the respective length distributions (Figure 3.15C). At the leading edge (x=0µm) 
we find an exponentially decaying distribution caused by stochastic plus-end capping. 
Subsequently, the capped filaments are transported backwards and continuously 
depolymerize at their minus-ends. Although both short and long filaments shrink from their 
minus-ends, the population of the shortest filaments vanishes most rapidly. While at the 
leading edge short filaments form the majority of all filaments, a little further back they have 
mostly disappeared. The remaining filaments do not show an exponential length distribution 
anymore which gives rise to a much higher mean filament length. This finding might also 
explain quantitative fluorescence speckle microscopy data [Ponti et al., 2004]: in agreement 
with Koestler et al. [2008] our model data suggest to us that long-lived speckles can be 
understood to belong to the long filaments while the short-lived speckles predominantly 
emerge from the many short filaments at the leading edge and vanish quickly.  
The modeled distribution of the depolymerization flux ( )dJ x  displays a maximum at 1 to 
2µm in good agreement with data on migrating epithelial cells [Ponti et al., 2004; Vallotton et 
al., 2004]. The model allows to understand the occurrence of our depolymerization peak by 
further dissection into the mean minus-end off-rate ( / )r x V−  and the minus-end density
( )M x  (Figure 3.15A,B). A closer look at Figure 3.15B and equation[4] reveals that the initial 
increase of ( )dJ x is caused by the debranching, i.e. formation of new uncapped minus-ends. 
The later decline of the total depolymerization flux ( )dJ x  after the first 1-2µm stems from 
two sources. First, tropomyosin slowly replaces ADF/cofilin which reduces the mean off-rate 
r
− . Second, due to the aforementioned loss of exponential tail of short filaments (Figure 
3.15C) the total minus-end density decreases (Figure 3.15A). Interestingly, the second 
argument remains valid in the absence of tropomyosin which renders the increase in mean 
filament length a highly robust network feature. 
Various experimental studies observed elevated levels of ADF/cofilin within the 
lamellipodium [Svitkina and Borisy, 1999; Gupton et al., 2005]  and of tropomyosin within the 
lamellum [DesMarais et al., 2002; Gupton et al., 2005; Hillberg et al., 2006; Iwasa and Mullins, 
2007] justifying the use of tropomyosin as a lamellum marker. Considering tropomyosins 
functions, however, the elevated tropomyosin level is very likely to be much more than 
simply a molecular composition characteristic. In fact, tropomyosin could be one of the main 
inherent regulation factors for a proper lamellum formation. 
Tropomyosin’s ability to stabilize actin filaments, i.e. to prevent them from rapid disassembly 
was modeled explicitly (section 3.2.1). Furthermore, tropomyosin was shown to inhibit 
Arp2/3 induced filament branching [Blanchoin et al., 2001]. It can hence be speculated that 
the increased tropomyosin density accounts for the mostly unbranched architecture of the 
lamellar actin network [Svitkina et al., 1997]
99
.  
With both modeling approaches, we indeed found that the stabilizing effect of tropomyosin 
plays a fundamental regulative role in the self-organization process of the actin network. By 
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 In combination with ADF/cofilin, tropomyosin might act as a filament severing regulator as well (see section 3.4) 
-68- 
varying the tropomyosin binding rate
100
, the F-actin concentration curve as well as the actin 
disassembly profile can be adjusted (Figure 3.16).  
In the absence of tropomyosin, the net depolymerization is maximal at a distance of 2-3 µm 
from the leading edge (Figure 3.16A1).  Raising the tropomyosin binding rate leads to a global 
reduction of the actin network disassembly. At the same time the depolymerization flux 
profile becomes more pronounced and the depolymerization maximum is shifted towards the 
leading edge (as close as 1 µm for 
1
1tmr s
−
= ). This can effectively be regarded as reduction of 
lamellipodial size.  
Tropomyosin prevents fast filament disassembly and thereby increases the lifetime of F-actin 
subunits. This becomes apparent in form of an elevated F-actin:total-actin ratio (Figure 
3.16D1). The lower G-actin background then leads to a slowdown of the actin network 
growth (Figure 3.16A1) which largely accounts for the observed changes of the network 
depolymerization characteristics
101
. A second substantial effect on the depolymerization flux 
profile originates from a drop of the mean dissociation rate towards the back which is caused 
by competitive binding of tropomyosin and ADF/coﬁlin (Figure 3.16B1). The alterations in 
depolymerization and network growth rate do also affect the F-actin density profile with 
visibly denser networks towards the rear (Figure 3.16C1). This could be interpreted as 
lamellum stabilization. 
Along the same line, the modeling approaches permit evaluating the regulative function of 
ADF/cofilin. Its disassembly promoting role leads to a total increase of network 
depolymerization for higher ADF/cofilin binding rates (Figure 3.16B2). The resulting increase 
in actin monomer turnover explains the decline of the total F-actin fraction (Figure 3.16D2). 
Exactly opposite to tropomyosin’s influence, more G-actin is set free which increases the 
network growth rate (Figure 3.16D2). The consequence is a broadening of the 
depolymerization flux profile (Figure 3.16A2) accompanied by an extension of the 
lamellipodium’s size.  
The predicted decrease of the lamellipodium’s size with increasing tropomyosin levels (Figure 
3.16A1) is in agreement with tropomyosin microinjection [Gupton et al., 2005] as well as 
gene silencing experiments [Iwasa and Mullins, 2007]
102
.  
The enhanced network turnover at higher ADF/coﬁlin binding rates is consistent with 
experimental data showing increasing network growth rates [Ghosh et al., 2004; Delorme et 
al., 2007; Iwasa and Mullins, 2007] as well as increased F-actin depolymerization [Delorme et 
al., 2007] at higher ADF/coﬁlin activity (see Figure 3.16 for comparison). Delorme et al. [2007] 
even reported larger lamellipodia at higher ADF/cofilin concentration in agreement with our 
findings (Figure 3.16A2). 
Importantly, our model shows that the very basic key features can also be obtained in the 
absence of tropomyosin (Figure 3.16 and appendix A). Addition of tropomyosin, however, 
significantly enhances the network characteristics (Figure 3.16). Moreover, the model 
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 A higher binding rate here is the same as a higher accessory protein concentration. 
101
 The network growth is more than a factor of two slower for a tropomyosin binding rate of 1/s when compared 
to a tropomyosin free system (Figure 3.16A1). 
102
 Gupton et al. further reported enhanced network growth velocities that cannot be reproduced by our model 
[Gupton et al., 2005]. They might very well be linked to myosin-induced contractions which are not included into 
our present model. 
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presented so far only included the F-actin stabilizing effect of tropomyosin. An additional 
sever impact of tropomyosin on the network architecture might arise from its role in 
regulating severing (section 3.4) and further possible effects on the promotion of filament 
annealing [Teubner and Wegner, 1996]. 
 
Figure 3.16 Dependence of F-actin network properties on tropomyosin binding rate tmr  (left panel) and 
ADF/cofilin binding rate acr  (right panel). (A1) Depolymerization flux decreases with increasing tropomyosin 
binding rate. The maximum of the depolymerization flux shifts towards the leading edge from ~3µm without 
tropomyosin to ~1µm with a high tropomyosin binding rate. (B1) Mean dissociation rate strongly depends on 
tropomyosin binding. Without tropomyosin the mean dissociation rate reaches a plateau after ~3µm, while with 
tropomyosin a local maximum appears, with position and height depending on tropomyosin binding rate. (C1) The 
decline of F-actin concentration decreases upon enhanced tropomyosin binding. (A2) Depolymerization flux 
increases with increasing ADF/cofilin binding rates acr . (B2) Higher depolymerization flux is based on a strong 
increase of the mean dissociation rate. Increase of ADF/cofilin binding shifts the maximum off-rate away from the 
leading edge. (C2) F-actin concentration drops due to enhanced disassembly when ADF/cofilin binding rates are 
increased. Spatial separation into ADF/cofilin dominated and tropomyosin dominated substructures is more 
pronounced with higher ADF/cofilin binding rates. (D1,2) Faction of actin in filamentous form and the network 
growth velocity as functions off the tropomyosin and ADF/cofilin binding rate. All rates were set to the values 
given in Table 2 except those illustrated within the respective figures (Figure as published in [Huber et al., 2008]). 
The predicted network characteristics show that our simple network treadmilling model is 
able to consistently explain the formation of a lamellipodium-lamellum transition although 
only one common source for filament nucleation at the very leading edge was considered 
(section 3.2.1). This suggests to us, that although lamellipodium and lamellum are structurally 
and spatially distinct networks, we do not expect them to be stacked on top of each other, 
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consistent with assumptions other authors (e.g. [Koestler et al., 2008])
103
. With nucleation 
taking place exclusively at one side and the polymerization driving the network along one 
specific direction, the system possesses internal polarity. The temporal separation imprinted 
in a multistep reaction scheme is thus translated into a spatial separation which finally drives 
the self-organization of two spatially distinct network structures. 
3.3.3 Filament severing and annealing influence network properties 
Filament annealing is considered to be one plausible mechanism to increase the mean 
filament length, and has already been reported by several in vitro studies [Teubner and 
Wegner, 1996; Andrianantoandro et al., 2001]. The role of filament annealing in motile cells, 
however, is still a matter of debate [Pollard and Borisy, 2003]. In particular, it remains 
uncertain to what extent annealing takes place between plus-end capped filaments. It has 
been shown that annealing still occurs in the presence of high capper
104
 concentrations, but 
at drastically reduced rates [Andrianantoandro et al., 2001]. Tropomyosin, on the other hand, 
was suggested to further enhance filament annealing [Teubner and Wegner, 1996]. Based on 
Andrianantoandro et al. [2001] and Fass et al.[2008] filament annealing was considered to 
depend upon both the local mean filament length and the local filament concentration 
(section 3.2.1). 
Annealing rate constants k  with significant effects on network properties were found to be 
in the range of .  
1 10 05 M sµ − −  to .  1 10 5 M sµ − −  times filament length in subunits (Figure 
3.17A,B). Below this range, annealing was too slow in comparison to the short network 
turnover time span ( ~  1min ) to notably affect it. Annealing rates above this range were 
considered to be unrealistically fast. The mentioned range of annealing rates appear in 
addition plausible with regard to experimental data [Teubner and Wegner, 1996; 
Andrianantoandro et al., 2001]
105
. 
Filament annealing has two main effects: First, it drastically increases the mean filament 
length (Figure 3.17 B, Figure 3.19). Second, annealing strongly decreases the number of free 
minus-ends which lowers the total network depolymerization flux. This leads to a decrease of 
the network growth velocity causing the depolymerization flux to concentrate closer to the 
leading edge (Figure 3.17 A).   
ADF/cofilin induced severing has little effect on the overall depolymerization profile but 
changes the filament length distribution, which is consistent with Monte-Carlo simulation 
results obtained by Fass et al. [2008]. Astonishingly, even a strong increase of ADF/cofilin 
induced filament severing leads to only slightly increased depolymerization (Figure 3.17C). 
Furthermore, we counterintuitively observed that filament severing can lead to a strongly 
elevated mean filament length (Figure 3.17D). This stands in strong opposition to a commonly 
assigned role of severing for network depolymerization enhancement (e.g. see [Pollard and 
Borisy, 2003]). 
                                                           
103
 In contrast to the ‘lamella hypothesis’ assuming lamellipodium and lamellum to be two independent netowkrs 
(e.g. see [Danuser, 2009;Vallotton and Small, 2009]. 
104
 In this case, CapZ. 
105
 For typical ﬁlament lengths in our simulated networks of ~100 subunits or more, the annealing rates given in 
[Teubner and Wegner, 1996;Andrianantoandro et al., 2001] are in the range of 1–10 µM
-1
s
-1
. Plus-end capping, 
however, decreases annealing rates by few orders of magnitude (see also appendix in [Huber et al., 2008]). 
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Figure 3.17 Filament annealing (left panel) and severing (right panel) signiﬁcantly alter actin network design. (A) 
Filament annealing leads to a shift of the depolymerization ﬂux maximum toward the leading edge and strongly 
decreases the depolymerization ﬂux further away from the leading edge. (B) Mean ﬁlament length strongly 
increases upon enhanced annealing. (C) ADF/coﬁlin-induced ﬁlament severing slightly affects the 
depolymerization ﬂux. (D) Severing causes a signiﬁcantly increased mean ﬁlament length due to rapid elongation 
of newly created plus-ends at the rear of the network ﬁlaments. All rates were set to the values given in Table 2 
except those illustrated within the respective ﬁgures (Figure modified from [Huber et al., 2008]). 
 
In order to understand the somewhat unexpected lengthening effect of filament severing, we 
complement our simulation results with a short, simple calculation. For a first approximation, 
we focus on one single, capped filament. Before severing, its length has the value of the 
mean filament length 0l  (in mµ ). Assuming the filament gets fragmented at 0t =  we obtain 
two filaments, one of which has an uncapped plus-end. Thus, the mean filament length will 
drop to /0 2l . Subsequent plus-end capping takes place with a rate  11capr s−=  (section 3.2) 
which gives a probability to still remain uncapped at time t  of (  )capP exp r t= − . Assuming a 
constant growth rate of ~  on onr k G  determines the mean plus-end elongation (in mµ ) of the 
uncapped filament. Combining both the capping probability and the growth rate (if 
uncapped) results in an expression of the filament elongation per time: 
 
( )
[ ]
( ) (  )  
 (  )
0
1
t
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exp r t
r
∆ δ
δ
+
= − ×
= − −
∫
 [21] 
Additionally, we assume that both filaments depolymerize at their minus-end with the same 
mean depolymerization rate offr
−
. The mean length of the uncapped filament ( ucl ) along t  is 
thus 
 ( ) / ( )   0 2 =uc offl t l l t r t∆ δ+ −+ − , [22] 
whereas the mean length of the capped filament develops with 
 ( ) /   0 2 c offl t l r tδ −= −  [23] 
-72- 
As a first approximation a constant severing probability along the original filament of length 
0l shall be assumed. The capped filament fragment then initially has a length between 0  and 
0l , with equal probability for each length. Due to the fact that this capped fragment vanishes 
when its length drops to zero, the resulting addition of ucl  and cl  has to be weighted by 
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This allows to determine the total mean filament length ( )l t : 
 
( ) ( ) ( ) ( ( )) ( )
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= × + − ×
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 [25] 
Considering a typical initial filament of length ~ .  0 0 5l mµ  and taking into account that the G-
actin concentration further back is usually of the order of  50 100 Mµ−  (Figure 3.15D), it turns 
out that filament severing has a shortening effect only on very short time scales (Figure 3.18). 
Taking typical filament life-times (~10s to 1min) we therefore expect the overall effect of 
severing to be an increase of the mean filament length. 
 
Figure 3.18 Mean filament length over time, following equation [25]. Calculations were done with an initial length 
of .  0 0 5l mµ=  (A) and  0 1l mµ=  (B), a mean minus-end off rate of  13offr s− −= , and three different G-actin 
concentrations. The dashed line represents an un-severed filament of initial length .  0 0 5l mµ=  (A) and 
 0 1l mµ=  (B). Above a certain threshold of G-actin concentration severing has a shortening effect on short time 
scales ( ~  few second) only, while on longer time scales the mean filament length increases. For all curves shown 
holds 
/0
off
l
t
r
δ
−
<  
Critical for obtaining an overall filament lengthening, however, is the G-actin concentration 
that needs to be above a certain threshold such that the growth of the uncapped fragment 
overcompensates the severing induced shortening. Based on the parameters used for our 
model (Table 2), we estimate this threshold for the modeled conditions to be at  10 20 Mµ−  
(Figure 3.18). 
Regarding the monotonically increasing G-actin concentration from the front to the back 
(Figure 3.15D), our simple calculation is already able to explain the two different regimes 
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visible in Figure 3.17D. In the front part the G-actin concentration is apparently too low to 
obtain an overall filament lengthening effect upon severing, while for .  2 5x mµ≥  we clearly 
detect an increased mean filament length (Figure 3.17D)
106
.  
 
Figure 3.19 Simulated filament length distribution at different distances x from the leading edge depending on 
ﬁlament severing and annealing. (Top row) Length distributions without severing and annealing. At the leading 
edge (x = 0–0.1 mm), ﬁlament length is distributed nearly exponentially. At x = 1–1.1 mm, the pronounced peak of 
short ﬁlaments has vanished. (Center row) Length distributions with ADF/coﬁlin-induced ﬁlament severing. A 
second peak (marked black) at length ~2.5µm arises ~5µm behind the leading edge. (Bottom row) Length 
distributions with ﬁlament annealing. Filament annealing shifts the length distributions toward longer ﬁlaments. 
At distances ˃5µm, short ﬁlaments are extremely rare. 
So in the end, the counterintuitive effects of filament fragmentation can explained by the 
simple fact that severing by ADF/cofilin creates both a new minus and a new plus-end. 
Although the minus-ends constantly depolymerize while the plus-ends are capped relatively 
quickly, the very high G-actin concentrations within the lamellum (50 – 100µM; Figure 3.15D) 
result in significant filament elongation before capping.   
The increase in the number of filaments due to severing together with the observed filament 
lengthening effect leads to an increase of the total amount of polymerized actin. We 
observed an increase from 74% of actin in its filamentous form without severing to 84% with 
high severing activity (  
4 1
2 10sevr s
− −
= × ). 
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 The corresponding G-actin concentration at x=2.5µm was found to be ~50µM. So our simple threshold 
estimate does not fully fit. However, the simple calculation was done without accounting for a realistic filament 
length distribution, nor have we considered filament transport during the process (which effectively results in an 
exposure to a time dependent G-actin concentration). And despite the underestimated G-actin threshold, the 
calculation allows to qualitatively explain the crossover from a shrinking to a lengthening regime.  
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Finally, another important parameter for regulating the mean filament length is the capping 
rate rcap . By constantly adjusting the nucleation rate to obtain similar velocities, we observed 
a rather strong dependence of the average filament length on the capping rate, which was to 
be expected (Figure 3.20).   
 
Figure 3.20 Mean ﬁlament length strongly depends on the capping rate. The capping rate, rcap, was varied while 
adjusting the nucleation rate to keep the number of growing ﬁlaments constant. 
Knowing that all three mechanisms annealing, -severing, and decreased capping rates- 
produce longer filaments, it is difficult to discriminate their actual contributions in migrating 
cells. Regulating filament length via capping does not appear a very reasonable strategy for 
cells due to the strong effect capping has on many network properties in parallel such as 
density of growing plus-ends, growth velocity, or F-actin concentration. In contrast, both 
annealing and severing only slightly perturb the overall F-actin concentration and the 
depolymerization flux but they strongly impact the mean filament length. 
Little is known about filament annealing and severing in vivo. Considering the fact that most 
filament plus-ends are tightly bound to capping protein, the detailed mechanism of filament 
annealing remains vague. In vitro experiments, however, indicate that annealing still occurs, 
although strongly decreased [Andrianantoandro et al., 2001]. Severing is very likely to be 
important in lamellipodial networks, and internal stress might even increase severing rates 
known from in vitro studies
107
. At this point, it is not possible to determine whether 
annealing, severing or both are mainly responsible for the filament lengthening observed in 
cells. However, the two very distinct length distributions predicted for annealing and severing 
(Figure 3.19) potentially allow distinguishing between both effects by more detailed analysis 
of the lamellar network. 
 
3.3.4 Unconfined network growth 
While the main focus of the two developed modeling approaches clearly was on the moving 
foremost actin network of migrating cells, they are certainly not restricted to this 
phenomenon. As long as substantial network compression can largely be ignored, the model 
should generally hold for Arp2/3-based actin network growth. By removing the boundary 
condition of a convergence zone at x=10µm, and by further extending the model system’s 
dimension both computer simulation as well as the mathematical model will principally allow 
to address systems of unrestricted length. The very strong dependence of computational 
time and system’s dimension, however, makes the mathematical formalism a far better 
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 See also section 3.4. 
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choice to investigate larger systems. Such systems are represented by the bead motility assay 
where the actin comet tails are not limited in length by a specific convergence zone. More 
generally, the question is whether we can even then obtain network lengths sufficiently small 
to account for the leading cytoskeletal extension in migrating cells, and if so, whether cells 
operate in the respective regimes. 
Aiming at exploring the lower bound of attainable network lengths, tropomyosin binding is 
disabled. Furthermore, we continue to assume fast (i.e. instantaneous) nucleotide exchange 
of actin monomers in solution
108
. Here, we define the network length as the distance from 
the leading edge where the F-actin concentration drops below 5 µM
109
. As expected on the 
basis of our findings for confined systems, ADF/cofilin binding as well as plus-end capping 
indeed strongly impact the network length (Figure 3.21). 
 
Figure 3.21 Network length and network growth rate of an unconfined network. Network length Lnet (A) and 
network growth rate V (B) are plotted against plus-end capping rate rcap and ADF/cofilin binding rate rac. 
Parameters plausibly applying to living cells are encircled with black rectangles. The underlying mesh plot in (A) 
displays the case of neglected  ADF/cofilin deactivation. 15×3 data points were calculated and spline-interpolated 
for each plot. 
Increased ADF/cofilin binding rates result in a moderate monotonic decrease of network 
length due to enhanced F-actin diassembly. At the same time the network growth rate 
increases due to the rising supply of G-actin monomers dissociated from the network. 
Without this feedback loop, the shortening effect of ADF/cofilin would affect the network 
length more drastically. 
With increasing capping rate, the fewer pushing filaments show a lower G-actin monomer 
consumption and thus result in a higher G-actin concentrations at the front. As a result, 
network growth rate and network length increase. However, more rapidly capped filaments 
are also much shorter on average and therefore vanish earlier by depolymerization, causing a 
                                                           
108
 Justified e.g .by Novak et al. [2008]. 
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 The average distance between crosslinking points for densely crosslinked networks is approximated by the 
mesh size 
.
~
0 5−Fξ , with F the F-actin concentration in µm/µm3. Network dissolution will clearly occur where  
the mesh size exceeds the mean filament length .0 5≥ µmξ , which corresponds to F-actin concentrations of 
several µM, 
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decline of the network length starting with rcap ~ 2 s
-1
. With fewer filaments pushing, each 
filament also experiences a higher force, eventually leading to a network slowdown by the 
Brownian ratchet mechanism for capping rates rcap>3.5 s
-1
 (Figure 6B), which enhances the 
network shortening effect at these high capping rates.  
The parameter scan performed includes values which plausibly apply to cells (0.03 s
-1
<
 
rac< 1 s
-
1
,
 
0.5 s
-1
<
 
rcap< 1.5 s
-1
;
 
Figure 3.21 black rectangles). Under these conditions, however, 
calculated network lengths clearly exceed the cell lamellum dimensions of about 10 µm, 
regardless of if ADF/cofilin deactivation is taken into account or not
110
. This can be seen as a 
clear indicator for the necessity of an additional convergence-zone disassembly mechanism 
(see also section 3.4.2).  
An additional component that is likely to affect the network characteristic is G-actin diffusion 
since all monomers from the network disassembly need to diffuse back to the leading edge 
for a proper treadmilling cycle. A parameter scan shows that the network length and the 
network growth rate as functions of the diffusion coefficient follow scaling laws with 
exponents ~0.71 and ~0.36, respectively (Figure 3.22). A G-actin diffusion coefficient 
necessary to reproduce cellular network lengths would have to be as small as 0.8 µm
2
 s
-1
. 
This, however, is almost an order of magnitude below estimates for G-actin in the cytoplasm 
(5-6 µm
2
 s
-1
, [McGrath et al., 1998]) or lamellipodia/lamella [Zicha et al., 2003]
111
. Hence G-
actin transport is unlikely to be the major limiting factor regarding the actin network size in 
cells. 
 
Figure 3.22 Length and growth rate of an unconfined actin network. Network length (Lnet ,left) and network 
growth rate (V, right) are plotted against the diffusion coefficient of actin monomers (dots: numerically calculated 
data; lines: exponential fits). Lnet and V follow power laws with exponents 0.71 and 0.36, respectively. 
3.4 Feasible model extensions 
I would like to use this section to outline possible modifications of our model that I personally 
consider most promising. Most of the first concepts I will present at this point refer to 
modifications of the computer simulation, certainly because the simulation presents a more 
easily accessible playground for half-baked hypotheses. In some cases I can easily think of 
possible realizations using our mathematical formalism. In some other cases, I am still pretty 
optimistic that clever revisions of the mathematical model will give access to these 
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 In the presence of tropomyosin, treadmilling networks are expected to be even longer. 
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 Measured based on photobleaching experiments. A value of D = 5 µm
2
 s
-1
 , however, generates network 
lengths of ~40 µm even without the elongating effect of tropomyosin. 
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modifications as well. One big class of extensions, however, is not treatable by our 
mathematical model: time dependent perturbations of the steady state
112
. 
Two model extensions will be described in some detail and first preliminary data will be 
presented. Both extensions refer to the mentioned time dependent response to 
perturbations of the steady state and/or temporal fluctuations of the treadmilling network. In 
this context, I will first briefly discuss alternative nucleation mechanisms and subsequently 
alternative way to implement a self-organizing convergence zone.  
Another very interesting development which will not be treated here in detail involves recent 
findings of ADF/cofilin binding and severing behavior. These findings should principally allow 
refining the model’s implementation of filament fragmentation [De La Cruz, 2009; De La Cruz 
and Sept, 2010]. This could have further important implications on the self-organization of 
the actin network architecture and considering the interplay of ADF/cofilin and tropomyosin I 
expect a highly non-trival self-organizing behavior.  
 
3.4.1 Alternative nucleation mechanisms 
So far I assumed nucleation to take place with a constant rate (section 3.2.1). This is likely to 
be the case for the steady state movement of fish keratocytes, but it will not generally hold 
for other cell types nor for perturbation of any kind. As another simple scenario I tested in 
detail a hypothetical G-actin dependent nucleation rate · ( )0 0nuc Nr G= . Apart from very 
minor differences the system remained largely unchanged in its steady state characteristics 
[Huber et al., 2008](supplemental material) except for a notably changed behavior upon 
parameter changes. The network velocity, for instance, proved to be significantly less sensible 
to changes of tropomyosin or ADF/cofilin concentration (Figure 3.23). 
 
Figure 3.23 Comparison of G-actin dependent nucleation and constant nucleation model: Network growth 
velocities as functions of ADF/coﬁlin and tropomyosin binding rates. (A) Increased tropomyosin binding rates slow 
down network growth by limiting actin turnover. (B) Higher ADF/coﬁlin binding rates result in faster actin 
turnover, increasing network growth velocity. (A, B) Without the G-actin feedback mechanism the system reacts 
much more sensitively to variations of ADF/coﬁlin or tropomyosin. Error bars are standard deviations (n = 8 
simulation runs for each data point).  
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 The iterative way of numerically solving our set of equations does not correspond to any ‘real’ temporal 
evolution of the system. The time step-wise changes of the simulated system, however, reflect actual temporal 
behavior. 
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The G-actin dependent nucleation rate thereby functions as an additional feedback 
mechanism. If higher ADF/cofilin increases the network disassembly, the additional amounts 
of freely available actin monomers do not simply increase the plus-end growth, but also 
increase the number of plus-ends through accelerated nucleation. Inherent feedback 
mechanisms of this kind appear to have a stabilizing effect on the overall behavior of the 
modeled system.  
With respect to current knowledge about Arp2/3 based nucleation, however, a simple linear 
G-actin dependence is not able to reproduce the entire dynamical complexity. A more 
detailed nucleation model including all main parts of the activation cascade was described by 
Beltzner and Pollard [2008]. This model includes one major pathway that is modeled as an 
effective 8-11 step reaction. Focusing on important key steps it should be possible to reduce 
this reaction scheme to essentially four steps (Figure 3.24). The respective parameters and 
variables are given in Table 3. 
Symbol Description 
V  activated VCA 
gV  VCA with bound actin monomer 
R  VCA with bound actin monomer and Arp2/3 
fR  VCA with bound actin monomer and Arp2/3 bound to filament 
solR  Arp2/3 in solution 
G  G-actin 
F  F-actin 
Table 3 Nucleation parameters and variables based on the model described by Beltzner and Pollard [2008]. 
 
Figure 3.24 Simplified pathway of Arp2/3 based nucleation. If G-actin concentrations are high (such as typically in 
vivo), the first step can be considered to take place instantaneously. This allows deriving a three-step reaction 
scheme (marked as ‘simplified model’). 
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For further reduction I even want to neglect the first step which in vivo should be very fast 
due to the very high G-actin concentrations. Thereby one gets a set of three remaining 
differential equations  
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To be able to start from pure G-actin conditions, another reaction path allowing de-novo 
nucleation needs to be included. De-novo here still refers to Arp2/3 induced nucleation, but 
represents a (less likely) pathway able to initiate filaments without prior binding to F-actin 
(Figure 3.24). This would lead to  
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 [26] 
First estimates of the different rates necessary can be derived based on the entire nucleation 
mechanism [Beltzner and Pollard, 2008]. Here, the mechanism no longer includes a 
dependence on the G-actin concentration but rather displays a F-actin dependence which 
again will function as an inherent feedback.  
 
Figure 3.25 Time-dependent behaviour of the simulated actin network under consideration of a three-step 
nucleation pathway (equation [26]). The nucleation rate hence changes with time and both main pathways -side 
branching and de-novo nucleation- are shown separately (upper graph). In addition, the resulting F-actin density 
at the leading edge is shown (bottom graph).  Starting with purely G-actin conditions de-novo nucleation initiates 
first network growth which then in turn results in side branching as the dominant nucleation source. After the 
initial network formation (~50s) a steady state is reached with a fluctuating but stable nucleation rate. 
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As before, in the case of the G-actin dependent nucleation rate, once a steady state has been 
reached, the system remained stable and the network characteristics were identical to the 
ones found with either a constant nucleation rate (section 3.3) or a G-actin dependent rate. 
In contrast to the two initially tested scenarios, however, the more detailed nucleation 
pathway (equations [26]) in principle permits to address the initial formation of the network 
(due to the de-novo nucleation part) and to study more properly the time-dependent 
fluctuations (Figure 3.25). 
The time course of the initial network formation shown in Figure 3.25 shows that the more 
unlikely pathway of de-novo nucleation is mainly responsible for network initiation and only 
contributes moderately to later phases of the system. To test the model’s response to 
substantial perturbations I chose a stall-force scenario similar to existing experiments 
[Brunner et al., 2006; Prass et al., 2006]. Starting from steady state conditions, an opposing 
spring was introduced to exerting a force ·F k x∆=  depending on the migrated distance x∆ . 
 
Figure 3.26 Simulated stall force measurement under the assumption of a three-step nucleation model (equation 
[26]). (A) Side branching and de-novo nucleation show a initial network formation phase followed by the a steady 
state. At t = 150s an opposing force is applied (F~x). The network velocity starts to decrease substantially but at 
first is partly supported by an increase of the leading edge F-actin concentration (B). In (C) the velocity is plotted 
against the opposing force and reveals a total stall force of approximately 1 nN per µm. 
The feedback from the non-constant nucleation rate results in accelerated nucleation and 
hence in more growing actin filaments. This initially helps to work against the opposing load 
although it apparently is not sufficient to keep the velocity constant. The resulting velocity-
force curve (Figure 3.26C) shows a linear decrease which does not agree with experimental 
data [Brunner et al., 2006; Prass et al., 2006]. So far, however, the data shown only 
represents preliminary results and the stall force scenario shown here was nothing but a first 
test. 
3.4.2 Convergence zone through myosin-driven network contraction 
So far the convergence zone was implemented ad hoc in form of an abrupt network 
disassembly at a fixed distance. This was sufficient to restrict the network’s extension but it 
certainly excludes dynamic adaptation and fluctuations.  
Modeling the convergence zone in more detail, however, is problematic because it is not 
well-understood and likely to be highly complex and complicated. While myosin 
concentration was observed to increase towards the rear, the actin network thins out due to 
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continuous disassembly. Following Svitkina et al. [Svitkina et al., 1997] this allows the motors 
to contract the actin mesh into actin-myosin bundles at a certain distance from the leading 
edge. Although this established a fundamental frame for further investigation of the 
contractile mechanism, the microscopic details are still not understood [Mogilner, 2009b].  
 
Figure 3.27 Simulation run including both the three-step nucleation mechanism (equations [26]) and an actively 
contracting rear part. As a result the network length started to fluctuate notably (upper graph) but the network in 
general remained stable. Exemplarily, four snapshots of a (pseudo-fluorescence) network are shown below the 
graph.  
A very simple first approach could simply focus on the angular reorientation of the filaments 
without considering the network mechanics or inherent forces
113
. For a first test
114
 a network 
threshold density collapseC was defined below of which active contraction was permitted. The 
filament angles were then reoriented according to  
 
cos( )
~
2
1
F
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Cd
dt C
ϕ  
− 
 
, 
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 Even without modeling the architecture and forces in detail, one could design a simplified reaction scheme 
describing the binding of myosin to the network with subsequent contractions that depend on myosin density, 
network density as well as average filament length. This would at least roughly account for the network’s 
structure. 
114
 I will not argue here that this represents a sufficiently thorough investigation. So far, these first tests rather 
represent a ‘just for fun’ approach and should better be understood as a potential outlook on future (more 
reliable) modeling. 
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with FC the local F-actin density. This is certainly only a arbitrary first estimate and was only 
intended for initially approaching the problem of a variable convergence zone position, i.e. a 
dynamic network length. Based on this simplified first hypothesis strongly fluctuating but 
stable networks formed (Figure 3.27). The data shown was derived under the 
aforementioned assumption of a three-step nucleation model (equations [26]). 
 
3.5 Experimental bottom-up approach 
The developed modeling approaches (section 3.2) were able to correctly reproduce many 
features of crawling cells in a self-organized manner (section 3.3). Interestingly, the model’s 
basis corresponds to a rather small set of different elements when compared to real living 
cells. In addition to actin, the minimal set only comprises a plus-end capper, Arp2/3 together 
with an Arp2/3 activator, and profilin. Further elements necessary to fully reproduce 
keratocytes characteristics are ADF/cofilin, tropomyosin, and potentially an ADF/cofilin 
deactivator (e.g. LIMkinases).   
Apart from LIMkinases and tropomyosin, the same set of proteins has already been used in 
the reconstituted experiments mimicking listeria motion (section 3.1.1). This means, that the 
key biochemical components for a bottom-up reconstruction of the lamellipodium/lamellum 
system are already available. An essential difference between the previously performed bead 
motility assays and our modeling approaches lies in their geometry as well as the 
concentrations we assumed
115
. 
Within the frame of this thesis I aimed at further approaching the lamellipodium/lamellum 
system by developing bottom-up experiments. Since these experiments are still not fully 
operating, I decided to briefly outline their concept, realization, first results, and obstructing 
problems side by side within this single chapter
116
.  
Experimental design  
Two different experimental designs were developed and first tests including an adequate set 
of proteins were performed. The first attempt aimed at creating fully sealed cell-sized 
reaction chambers with selective functionalized geometry. The main strategy to build such 
chambers was based on photolithography processes able to achieve high-precision 
structures. The second design involved a simpler, less precise buildup based on a simpler two-
dimensional geometry and was inspired by freely floating thin polystyrene films [Huang et al., 
2007].  
Using photolithographic process with subsequent gold deposition and lift-off we aimed at 
producing an array of precisely built micro-chambers (Figure 3.28). To a certain degree this 
technical approach indeed delivered the desired structures as EM-pictures revealed 
[Stuhrmann, 2009]. However, due to non-ideal preparation conditions (no clean room and a 
comparatively thick gold layer), the small yield of perfectly fine samples presented a major 
problem. 
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 This were the cellular concentrations, which typically are 1-2 orders of magnitude higher than concentrations 
used for bead motility assays. 
116
 Therefore I intentionally skip the common sectioning into methods, results, discussion,… at this point. Certain 
aspects are described in more detail in [Huber, 2007;Stuhrmann, 2009]. 
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Figure 3.28 Sketched experimental design (A). The walls of micro-fabricated gold chambers of lamellipodium-like 
height are coated with the Arp2/3 activator VCA. The chambers are subsequently filled with a protein mixture 
containing actin, Arp2/3 and further accessory proteins to establish a treadmilling actin network. The chambers 
are produced by a lift-off process (B) that uses photolithography to generate a pattern. This pattern is used as a 
negative to create gold chambers by evaporation and subsequent removal (lift-off) of the photoresist. 
The initial intention was to create almost perfectly sealed chambers to confine the entire 
reaction-diffusion system to lamellipodium-like sizes. The sealing, however, turned out to be 
a very severe, because general, problem. Even in almost absence of defects within the micro-
fabricated structures, sealing remained a very delicate issue. Apart from problems based on 
the hydrodynamics when squeezing a ‘lid’ onto the chamber array, the major issue seemed to 
be the height variations already on the level of the supporting cover slip. To generally 
circumvent height variations of the chamber array, the use of a flexible substrate to cover 
and seal the chambers appears to be a plausible approach. Unfortunately the un-desired 
height variations of the chambers were more pronounced than the chamber shape itself. This 
results in the dilemma of either being flexible enough to seal some of the chambers but also 
to enter the chamber’s volume substantially, or of being too rigid to smooth out the array’s 
height variations.  
Another non-trivial part of these experiments was the selective functionalization of the 
chamber walls. In order to model a lamellipodium-like situation, Arp2/3 activation should 
exclusively occur close to the chamber wall. To achieve this controlled immobilization of 
polymerization activator (VCA) on the sidewall, we already chose a different material for the 
wall (gold) than for the top/bottom of the reaction chamber (glass). One possibility hence 
was to specifically bind VCA the gold using thiol-based immunochemistry [Romet-Lemonne et 
al., 2005]. Since this would at the same time further increase the experimental total 
complexity, we first made use of unspecific binding of an antibody to the gold. 
Altogether too many of the different experimental stages did not function in a controlled way 
which in sum obstructed a sufficiently reliable functioning of the entire experimental setup
117
. 
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 Unfortunately, the joint probability for a working experiment is given by multiplication of all probabilities 
affecting a single experiment: P(experiment=OK) = P(coating=OK ∩ sealing=OK ∩ proteins=OK) = P(coating=OK) · 
P(sealing=OK) · P(proteins=OK). Since the chambers could in principle be tested before performing a complete 
experiment the probability to obtain perfectly fine chambers P(chambers=OK) can be looked at separately. 
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Nevertheless preliminary tests indicate that the general experimental concept is working and 
first actin network formation at the micro-fabricated chamber walls could be observed 
(Figure 3.29). 
 
Figure 3.29 Fluorescence images of rhodamine-labeled actin networks grown from micro-fabricated gold walls 
confined between two glass surfaces. VCA was attached to the gold wall via non-speciﬁcally bound antibodies. The 
fluorescence signalling from outside the chambers (especially left side image) indicates non-ideal sealing. Buﬀer 
composition: 8 µM actin, 5 µM coﬁlin, 0.8 µM proﬁlin, 0.7 µM gelsolin, and 0.05 µM Arp2/3 complex. 
Considering the experimental problems as well as the preliminary outcome, another less 
ambitious approach was developed within the frame of this thesis. Instead of gold, 
polystyrene was here chosen as the material of choice for two reasons. First, is chemically 
identical to the beads used for the bead motility assay implying that VCA can directly be 
bound to its surface in an unspecific manner. Second, very thin, freestanding polystyrene 
films are easily produced using spin coating techniques [Huang et al., 2007]. The buildup of a 
polystyrene based flow chamber is sketched in Figure 3.30 and does neither involve 
sophisticated preparation techniques nor does it include very time consuming steps (such as 
the gold chamber fabrication). Most importantly, the assembly procedure permits to 
separate the passivation of the chamber’s top and bottom from the later functionalization of 
the polystyrene walls. Thereby, complicated procedures for selective functionalization are 
avoided. The film thickness was determined using interferometric means and typically was 
between 200 and 600 nm depending on the polystyrene chain length, concentration as well 
as the angular velocity during spincoating.  
Since such small flow chambers were hard to fill with experimental solutions, we typically 
added temporal spacer elements, such as thin Parafilm stripes on both sides of the chamber. 
For functionalization, polystyrene walls were incubated in buﬀer containing VCA and 
subsequently blocked with BSA to inhibit further non-speciﬁc adsorption of molecules. The 
functionalized chambers were then ﬂushed with the protein mixture, the Paraﬁlm spacers 
were removed, and the arrangement was pressed flat. While significantly reducing the 
preparation time the polystyrene films showed notable fluctuations in height which again 
lead to imperfect chamber sealing. This time, more severe than the resulting imperfection of 
                                                                                                                                                                        
From the estimated individual probabilities we could deduce that the joint probability for a working experiment 
was rather low. Together with the substantial amount of time needed for certain essential steps of the 
experimental procedure (e.g. the chamber fabrication) the expected time τ to generate sufficient amounts of data 
was estimated to be τ ˃ t(PhD) = 5±3a. 
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the system’s confinement was the fact that all polystyrene accessible to the chamber solution 
automatically got functionalization and later initated strong network formation away from 
the desired spot, the edge of the polystyrene film.  In some occasions, however, the 
experiment allowed preliminary tests again indicating that the general concept holds (Figure 
3.31).  
 
Figure 3.30 A two-dimensional flow chamber was assembled using polystyrene spin coating and freely floating ﬁlm 
transfer. Polystyrene dissolved in toluene is spin coated onto a cleaned glass surface (1,2). Individual stripes are 
cut out of the thin polystyrene ﬁlm (3) and detached from the substrate by immersion in Millipore water (4). Two 
ﬂoating polystyrene stripes are picked up with a passivated glass cover slip, carefully avoiding wrinkling, and 
thereby arranged in an approximately parallel fashion (5). A second passivated glass cover slip finally forms the 
upper side of the polystyrene wall ﬂow chamber (6). 
Interestingly, first preliminary data suggests that the growing actin networks buckle and 
detach from the polystyrene wall (Figure 3.31). So far, the experiments performed with this 
setup did not properly allow to systematically study the actual dynamics of network growth. 
The potential process of network buckling and the network’s detachment could hence not be 
observed over time which would be necessary to further elucidate this phenomenon.  
In order to finally arrive at a reliably operating experimental setup, further modifications are 
unavoidable. To realize better sealed chambers, it should be possible to produce slightly 
higher polystyrene films and to heat them after assembling the flow chamber. First attempts 
in this direction have been done, but still higher film thicknesses will be necessary to guaranty 
full contact between the two glass slides and the polystyrene stripes.  
Moreover, a different approach might be realized using liquid-based confinement instead of 
rigid materials used so far which would clearly avoid the sealing problem. A promising way 
could be the use of oil-water interfaces which are known to allow unspecific binding of an 
Arp2/3 activator [Boukellal et al., 2004]. The experimental setup developed in section 4.2 
would be a suitable tool to perform such experiments and will hopefully allow a future 
realization of bottom-up lamellipodium modeling within confined systems. 
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Figure 3.31 Fluorescence images of a rhodamine-labeled actin network established at a polystyrene wall within a 
flat flow chamber. The boxed region in the assembled image (A) is magniﬁed in (B). The polystyrene wall was 
observed in phase contrast and here is marked with a dashed line. The wall surface has been functionalized with 
VCA via non-speciﬁc adsorption. Interestingly, the actin network has partially detached from the wall. Actin signal 
between polystyrene and glass (above the dashed line) is due to the exposure of this portion of the polystyrene 
during assay preparation. Buﬀer composition: 10 µM actin, 5 µM coﬁlin, 0.8 µM proﬁlin, 0.7 µM gelsolin, and 0.05 
µM Arp2/3 complex. 
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3.6 Discussion: Arp2/3 induced actin networks 
The aim of this part of my thesis was to further understand the self-organization of lamellar 
actin networks in migrating cells from a microscopic, molecular level. Unfortunately, the 
reconstituted bottom-up experiments are still not operating reliably enough to generate solid 
data, but preliminary results at least indicate the general feasibility of this endeavor (section 
3.5). Much more successful was the development of a theoretical model based on 
biochemical reaction schemes that was realized both by designing a computer simulation as 
well as a mathematical model. 
By modeling only a small set of functional components using parameters within 
experimentally approved ranges it was possible to reproduce important key features as 
observed for migrating fish keratocytes. This includes the network growth velocity, the 
observed concentration gradients of F-actin and the network-bound ADF/cofilin, as well as 
the rapidly increasing filament length distribution towards the back. Furthermore did the 
modeling reveal the system’s inherent ability to self-organize into two distinct substructures 
(Figure 3.15) whose characteristics coincide with the characteristic signatures of the 
lamellipodium and lamellum actin networks. The observed transition between the two types 
of network is located at 1-2µm from the leading edge in agreement with cell data. This region 
includes a transition from very short to longer filaments and a maximal total 
depolymerization flux. Moreover did the network organize into a mostly ADF/coﬁlin-
dominated front part and a subsequent tropomyosin-dominated section (Figure 3.13) which 
is in good agreement with experimental findings indicating that tropomyosin is absent in 
regions close to the leading edge [DesMarais et al., 2002; Iwasa and Mullins, 2007].  
Starting from a very simplified set of interacting components it was hence possible for the 
first time to reproduce the lamellipodium-lamellum transition. Since no additional nucleation 
source besides Arp2/3 was considered in our model, out findings strongly indicate that a 
potential presence of further nucleating agents (e.g. formins) should not be essential for 
having a lamellipodium-lamellum transition. According to our modeling results lamellipodium 
and lamellum strictly speaking is the same network, only at different times. The lamellum 
appears to be simply a later phase of the initially formed lamellipodium. This interpretation is 
contradictory to the so called ‘lamella hypothesis’ that assumes lamellipodium and lamellum 
to be two spatially separate networks (e.g. see controversy in [Danuser, 2009; Vallotton and 
Small, 2009]). 
While the computer simulation already demonstrates that a surprisingly small set of 
functional components is able to generate a treadmilling actin network with the 
aforementioned characteristics, the translation into an analytical model allowed a further 
abstraction in form of a further reduction to minimal requirements (Figure 3.32). First, 
growth and capping of filaments at one end in conjunction with disassembly from the other 
end already suffices to create a filament length gradient at the very front of the system. This 
is due to the depolymerization driven removal of the shortest filaments first (Figure 3.32A). 
Second, an initial (lasting or temporary) increase of filament depolymerization with time, 
implemented for instance by filament debranching or ADF/cofilin binding, directly translates 
into a localized maximum of total network disassembly a few microns behind the leading 
edge. This is caused by a superposition of the initially increasing depolymerization per minus-
end and the overall decreasing minus-end density (Figure 3.32B). Finally, gradients in 
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network-binding protein composition are achievable based on the combination of polar 
structure and temporal gradients. Such gradients can simply be obtained from competitive 
binding of a fast and a slow binding/unbinding protein (Figure 3.32C, Figure 3.33). 
 
Figure 3.32 Based on our modeling approaches, key features of the lamellipodium/lamellum actin network can be 
understood on a very general level independent of molecular details. (A) Stochastic plus-end capping induces an 
exponential distribution of filament lengths. The permanent minus-end shrinkage affects all filaments, but due to 
entire depolymerization of short filaments only the longer filaments from the initial exponential tail remain which 
generates a higher average length. (B) Less filaments also mean less minus-ends. A superposition of this 
decreasing minus-end density and an increasing depolymerization rate then results in a global depolymerization 
maximum at some distance from the leading edge. (C) Different molecular compositions can easily be obtained by 
either competitive or cooperative binding (Figure 3.33). Further necessary (but not drawn explicitly) is the initial 
nucleation localization in order to break symmetry and to initiate polar network formation and directed network 
transport. Network polarity is essential since it allows translating the temporal gradients into spatial gradients.  
 These findings are very general and are not restricted to one particular molecular realization. 
Different cells or phenotypes could principally obtain the mentioned functions based on 
entirely different molecular components allowing a more abstract perspective in terms of 
functional modules (section 2.1.2). 
 
Figure 3.33 Basic reaction kinetics can already enable the formation of a large variety of two or more overlaying 
temporal gradients. In conjunction with polar structures such as microtubule or actin filaments these gradients 
translate into spatial gradients
118
. While (A) and (B) show examples of simple competitive binding reactions of 
mutually exclusive binding partners, the example shown in (C) assumes cooperative binding effects. Out lamellar 
treadmilling model includes competitive binding of tropomyosin and ADF/cofilin (section 3.2). 
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 Figure as published in [Huber and Käs, 2011]. 
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In addition to the reproduction and further understanding of the lamellipodium-lamellum 
transition, the computer simulation was used to further investigate the potential 
consequences of filament severing and annealing. Little surprising is the finding that filament 
annealing results in notably longer filaments towards the rear (Figure 3.19). For filament 
severing, however, rather counterintuitive behavior was found. Severing is often associated 
with network disassembly (e.g. see [Pollard and Borisy, 2003]) which indeed makes sense for 
typical in vitro actin concentrations. The cellular situation in contrast is characterized by a 
high G-actin background and both the computer simulation as well as simple calculations 
reveal that under these conditions a rapid elongation phase of the temporarily created new 
plus-ends outbalances the increased shrinkage due to the additional minus-end (section 
3.3.3). 
Interestingly, both annealing and severing were found to strongly increase the filament 
length within the lamellum without drastically changing the remaining overall network 
characteristics. With this in mind both ﬁlament severing and annealing could indeed be the 
origin of lamellar ﬁlament lengthening in migrating cells. Since both lengthening mechanisms 
result in fundamentally different filament length distributions it should be possible to 
experimentally discriminate between severing and annealing induced effects (Figure 3.19). 
Certainly, filament severing will lead to network disintegration in form of detaching network 
fragments from the remaining, continuously connected network [Carlsson, 2007]. It is hence 
very plausible to assume filament severing to be a major contributor in disintegrating actin 
comet tails in vitro. In the presence of a very high G-actin background such as in 
lamellipodial/lamellar actin networks, severing might promote structural disintegration of 
networks but it cannot explain the sudden overall disassembly of F-actin material observed 
within the convergence zone. In terms of network architecture network contraction through 
myosin motors
119
 is able to explain the observed reorientation of the actin network [Svitkina 
et al., 1997; Verkhovsky et al., 1999; Adachi et al., 2009]. First preliminary results derived by a 
naïve incorporation of a contracting mechanism, indeed show that network contraction is 
already able to successfully confine the treadmilling actin network to cellular sizes (section 
3.4.2). Fluorescence as well as electron microscopy data indeed indicates a significant 
increase of F-actin density within the convergence zone [Svitkina et al., 1997]. Further, more 
elaborate modeling approaches will be necessary to finally address the question of whether 
network contraction alone will be sufficient to generate a stable disassembly zone at the rear 
of the lamellum or whether further disassembling mechanisms will be necessary to 
consistently explain the rapid depolymerization within the convergence zone.  
Finally, our model further suggests a substantial regulative role for tropomyosin which so far 
has not been included in previous lamellipodium modeling. For the formation of the 
lamellum, however, it does not appear to be a prerequisite. But the presented findings show 
that increasing tropomyosin activity results in a shortening of the lamellipodium, a slowdown 
of array treadmilling, as well as a higher F-actin fraction (section 3.3.1 and 3.3.2). This agrees 
with cell perturbation experiments performed by numerous authors (e.g. [Ghosh et al., 2004; 
Gupton et al., 2005; Delorme et al., 2007; Iwasa and Mullins, 2007]). The observed spatial 
separation of ADF/coﬁlin- and tropomyosin-dominated compartments, could furthermore be 
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 And potentially network disassembly [Wolgemuth, 2005;Carlsson and Sept, 2008]. 
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of great interest when considering that tropomyosin was shown to inhibit Arp2/3-induced 
branching [Blanchoin et al., 2001]. This nicely coincides with the absence of branches from 
the (tropomyosin rich) lamellum [Svitkina and Borisy, 1999]. 
Without any doubt does our model bears severe limitations. Other than keratocytes, many 
cells display different retrograde flow velocities for lamellipodium and lamellum [Ponti et al., 
2004]. Having keratocytes in mind it was possible to assume an incompressible network and 
to ignore focal adhesions. For many other cell types, these assumptions will not be valid and 
adhesion dynamics and network compressibility are very likely to have a strong impact on the 
actin network dynamics, e.g. as suggested by a model from Shemesh et al. [2009].  
While incorporation of local substrate adhesions seems to be necessary to correctly 
reproduce the differential network dynamics at the lamellipodium-lamellum boundary, our 
model shows that they are not required for the emergence of the structural, kinetic, and 
molecular characteristics of the lamellipodium-lamellum transition. 
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4 Actin network patterns in confined systems 
From a molecular cell biology perspective, the cytoskeleton is built from biopolymer 
filaments assembled by specific linker proteins. These crosslinkers imply specific geometries 
that are defined by the crosslinker structure and their targeted binding sites along the 
biopolymers. Cells contain many different crosslinkers and only few of them are commonly 
used within in vitro bottom-up studies  
Apart from these specific linkers, however, two very fundamental physical effects are also 
able to induce aggregation, i.e. binding. First, actin filaments are negatively charged at 
physiological pH and hence they represent a polyelectrolyte. Likewise polyelectrolytes are 
subject to attractive forces due to counterion condensation (section 4.1.1). Second, the 
intracellular environment is characterized by a remarkably high level of molecular crowding 
which implies a number of entropic consequences. Here I am mainly interested in the 
resulting depletion forces (section 4.1.2). 
4.1 Background: counterion condensation and depletion forces 
In order to understand the interactions of biopolymer filaments it is in general very 
instructive to have a closer look at colloidal suspensions which can be considered a first-order 
approximation of actual biopolymers. Colloidal interactions most often originate from local 
perturbations of the surrounding fluid and rather simple arguments already suggest that 
these interactions should generally be attractive [Witten and Pincus, 2004]. Assuming that 
each individual particle changes the surrounding potential landscape in a way that the 
perturbation monotonically decreases with the distance, e.g. by exponentially decaying with 
the distance r following
/
~
re ξ− , two particles coming close ( r ξ≤ ) will sense the neighboring 
perturbation of the potential resulting in attraction (Figure 4.1)
120
. 
 
Figure 4.1 Scheme of perturbation-induced attraction of two objects. In close proximity the objects will sense the 
perturbation of the potential landscape by the neighboring object. Regarding the free energy it is more favorable 
to induce one joint perturbation instead of two separate ones. 
Following this very simple picture one can think of two ways how actin filaments perturb 
their surrounding medium. Actin filaments are negatively charged and hence will perturb its 
surrounding ionic distribution. Moreover, actin filaments have a finite volume excluding 
surrounding molecules, i.e. it perturbs the molecular composition close to it. According to the 
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 Since the perturbation stands for a (free) energy increase of the medium it can be shown that the increase 
resulting from two particles is generally lower if both come close which results in an attractive interaction [Witten 
and Pincus, 2004]. 
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before given simple argument, these perturbation should lead to an attractive component. At 
least in the case of counterion condensation, however, the actual situation turns out to be far 
more complicated. 
4.1.1 Actin, a polyelectrolyte: counterion condensation 
At physiological pH actin displays eleven negative charges per monomer
121
 which results in a 
linear charge density of actin filaments of around -4e/nm [Tang and Janmey, 1996]
122
. While 
the aforementioned vague argumentation suggests attractive interaction between two like-
charged polyelectrolytes due to the perturbation of the ion distribution, it seems unlikely that 
this attraction can compete with the comparatively strong and long-ranged Coulomb 
repulsion. In vacuum or in a constant dielectric medium two like charges are subject to the 
repulsive coulomb potential that scales with 1r
− . In real solutions, however, the charged 
filaments will not only interact with each other but with the solvent’s ions as well. This effect 
can be roughly approximated by a screened Coulomb potential that decays with ~
1 r
r e κ− − , 
with 1κ − the Debye screening length [Ray and Manning, 1994]. This potential remains purely 
repulsive for like charges but is short-ranged for high ionic conditions. At sufﬁciently high 
concentrations of multivalent (positive) ions, however, negatively charged biopolymers such 
as DNA [Bloomfield, 1991], F-actin [Tang and Janmey, 1996; Tang et al., 1996], and 
microtubules [Tang et al., 1996] were experimental shown to condense or bundle.  
 
Figure 4.2 Analogously to covalent bonds, two approaching polyelectrolytes gain energy by sharing counterions.  A 
stable configuration is predicted for maximal shared volume of the counterions. Figure taken from [Ray and 
Manning, 1994]. 
This aggregation was first explained by introducing the concept of counterion condensation 
by Oosawa and Manning [Oosawa, 1968; Manning, 1969]. Counterions are assumed to 
condense onto the polyelectrolyte and thereby drastically reduce its charge density 
[Manning, 1969]. If Bλ is the Bjerrum length, i.e. the distance at which the Coulomb 
interaction between two fundamental charges equals Bk T , and b the distance between 
charges along the polyelectrolyte, counterion condensation occurs for / 1b bλ ≥ . Oosawa 
extendet the Poisson-Boltzmann mean field description by a charge fluctuation correction 
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 Roughly 14 negative charges per monomer minus three protonated histidines at pH 7.2 [Tang and Janmey, 
1996]. 
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 A more detailed microscopic model taking in to account the sub-monomer structure of actin was developed by 
Yu and Carlsson [Yu and Carlsson, 2003]. 
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[Oosawa, 1968]. When two charged rods approach each other their charge fluctuations 
become correlated which results in van der Waals-like attraction. A second approach focuses 
on the short-range electrostatic correlations of the counterions and is also refered to as 
‘zero-temperature picture’ since it assumes that the counterions form an ionic crystal around 
the polyelectrolyte [Ha and Liu, 1999b]. 
In analogy to the initially given perturbation induced attraction (Figure 4.1)[Witten and 
Pincus, 2004], Ray and Manning argue that attraction is driven by a reduction of the free 
energy upon merging the counterion clouds of two polyelectrolytes (Figure 4.2)[Ray and 
Manning, 1994]. 
 
Figure 4.3 Effective interaction potential between the two charged rods as a function of distance (A) simulated for 
different concentrations of multivalent ions (dotted/dashed/solid lines). By fixing the distance the angular 
dependence of the interaction potential was determined (B). Taken from [Lee et al., 2004]. 
Later approaches, often simulation-based, have meanwhile predicted a number of fascinating 
properties and were able to explain many of the experimentally observed phenomena. Lee et 
al. [2004] exemplarily examined the interaction between two like-charged rods under full 
consideration of monovalent and multivalent ions
123
(see comparison in Table 4). The 
effective interaction potential between the two rods was determined as a function of 
distance and angle, as well as the ionic composition (Figure 4.3). Their results reproduce the 
existence of a critical threshold concentration of multivalent salt (Figure 4.3A, solid line) 
which agrees with experimental observations of a very sudden transition from non-
aggregating to aggregating conditions (Figure 4.4) [Tang and Janmey, 1996]. Tang and Janmey 
[1996] further discovered a wide range of other notable dependencies such as an increasing 
aggreagation threshold for higher F-actin as well as for higher monovalent salt concentration.  
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 Lee et al. used molecular dynamics simulations and explicitly modeled mobile three-valent ions as well as 
positive and negative mobile monovalent ions [Lee et al., 2004] 
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Figure 4.4 Light scattering intensity (as a measure for aggregation) as a function of multivalent ion concentration. 
Different multivalent ions show different aggregation threshold concentrations, but all display the same sudden 
transition characteristic. Figure taken from [Tang and Janmey, 1996]. 
Most studies on F-actin aggregation by means of counterion condensation report the 
formation of densely packed bundles of finite width [Lai et al., 2007b]. Several computer 
simulations also report a tendency towards finite-sized bundles [Stevens, 1999; Fazli and 
Golestanian, 2007]. The parallel orientation of the individual filaments inherent to the bundle 
structure is little surprising since it maximizes the shared volume for the (condensed) 
counterions. The finite width of the bundles, in contrast, is less intuitive. If the counterions 
almost completely neutralize the charge of the filaments, the equilibrium size of the bundles 
should diverge [Henle and Pincus, 2005]. When taking into account the counterion’s size, 
steric and short-ranged interactions prevent a complete neutralization which results in a 
long-range repulsion and hence in finite-sized bundles [Henle and Pincus, 2005]. Ha and Liu 
[1999a] in contrast predict a free energy barrier for bundling resulting in kinetically trapped, 
i.e. metastable bundles of largely defined width. Since finite width bundles instead of 
infinitely large aggregates are observed as well for protein crosslinker systems, Grason and 
Bruinsma [2007] suggested a more general model based on the bundle’s chirality.    
Modeling approach Levels of complexity explicitly modeled Examples 
Individual-ion-based  
 
[Stevens, 1999; Lee et al., 
2004; Fazli et al., 2005; 
Fazli and Golestanian, 
2007] 
Ion-density-based  
 
[Oosawa, 1968; 
Manning, 1969; Henle 
and Pincus, 2005] 
Filament-interaction-
based   
[Borukhov et al., 2005] 
Table 4 Comparison of several current models describing counterion-based filament aggregation according to their 
hierarchical reduction (section 2.1.1). The most microscopic approaches model individual multivalent ions while 
the most macroscopic approaches directly imply specific filament-filament interactions (see also section 2.1.1). 
The first theoretical models able to explain counterion-induced aggregation of polyelectrolytes were based on 
mean-field approaches focusing at charge densities rather than individual charges [Oosawa, 1968; Manning, 
1969]. 
Apart from simple actin bundles the only reported counterion-based network structure is a 
phase where actin filament sheets are stacked forming so-called lamellar crosslinked rafts 
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[Wong et al., 2003]. These structures seem to correspond to metastable states of the system 
[Fazli et al., 2009]. 
 
4.1.2 Actin and molecular crowding: depletion forces 
Not only the filament charges lead to filament-filament interactions. Already in the 1950s 
Asakura and Oosawa discovered that attractive forces between colloidal particles can arise 
from the presence of non-interacting polymers [Asakura and Oosawa, 1958; Hosek and Tang, 
2004]. These (flexible!) polymers can be approximated as rigid, i.e. impenetrable, spheres of 
radius GR  (radius of gyration). The center of such a polymer of radius GR  is then excluded 
from the surface of the colloidal particle (or biopolymer filament) which can be regarded as a 
depletion zone. If the depletion zones of two particles (or filaments) overlap (Figure 4.5B), 
the osmotic pressure becomes unbalanced which results in an attractive interaction. 
 
Figure 4.5 Depletion forces originate from particle exclusion. As long as particles occupy the space in-between the 
filaments as well as around the filaments the osmotic pressure equals and no net force results (A). If the inter 
filament distance becomes smaller than the crowding agents width, i.e. (D-Rf)<2RG particles are excluded from the 
volume between the filaments (B, bottom) so that the osmotic pressure is no longer balanced leading to attractive 
interaction. 
In the absence of specific interactions between a particle and the osmotic agent, the work to 
insert a particle is proportional to the excluded volume. Based thereupon the interaction 
between spherical colloids of radius cR due to the surrounding polymers of radius GR can be 
described by an interaction potential
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 Figure 4.5 shows two filaments (or rods) instead of spherical colloidal particles and their radius was hence 
termed Rf which would roughly correspond to the Rc that enters the mentioned potential Udepletion(r). 
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with exV  the excluded volume and pΠ  the osmotic pressure of the polymers [Asakura and 
Oosawa, 1958]
125
. 
Depletion forces are subject to intensive research activity on the field of colloid system, e.g. 
colloid-polymer mixtures. Regarding biopolymer systems, depletion forces have mainly been 
found to aggregate filaments into bundle structures [Suzuki et al., 1996; Hosek and Tang, 
2004]. Instead of depletion force induced colloid-like aggregation, biologically motivated 
research put more emphasis on another excluded volume effects: the strong dependence of 
macromolecular reaction kinetics on the level of crowding [Zhou et al., 2008]. Here the more 
general term ‘molecular crowding’ is used which includes depletion force induced 
aggregation. With respect to actin, the only systematically studied system is mixtures of F-
actin and PEG (polyethylene glycol) [Suzuki et al., 1996; Hosek and Tang, 2004; Tharmann et 
al., 2006]. Few other studies further tested depletion force effects of methylcellulose on F-
actin (e.g.[Köhler et al.]).  
Experiments using PEG reveal a well-defined bundling transition at a critical concentration of 
PEG (Figure 4.6A)[Suzuki et al., 1996], similar to the transition behavior seen for counterion 
induced aggregation [Tang and Janmey, 1996]. Moreover, observations made by Suzuki et al. 
[1996] display a decrease of the PEG threshold concentration with increasing F-actin density 
(Figure 4.6A) oppositely to the observations made with counterion induced aggregation [Tang 
and Janmey, 1996]. The behavior observed for PEG might arise from the fact that a higher F-
actin density also increases the total level of molecular crowding. 
 
 
Figure 4.6 Depletion force mediated aggregation of F-actin using PEG shows a fairly sharp transition behaviour 
from non-aggregated to aggregated conditions (A) resembling the threshold concentration for counterion induced 
bundling (Figure 4.4). The concentrations of F-actin are 7.2 mg/mL (), 4.5 mg/mL (), 1.8 mg/mL (), 0.9 
mg/mL (), and 0.5 mg/mL (), respectively. Further the threshold concentration of PEG depends on the 
molecular weight of the polymer and the monovalent salt background which regulates the screening length (B). 
Figures were taken from [Suzuki et al., 1996](A) and [Hosek and Tang, 2004] (B). 
PEG, methylcellulose and other crowding agents 
For the experiments I performed within the frame of this thesis, I made use of PEG, 
methylcellulose and bovine serum albumin (BSA). PEG (Polyethylen glycol) and 
methylcellulose are rather flexible, inert polymers of variable length (Figure 4.7). Both are 
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 Simply taking the radius of gyration is not perfectly correct at this point. The radius of gyration does not fully 
correspond to the actual thickness of the depletion layer but deviates slightly as mentioned in [Hosek and Tang, 
2004]. The difference however is rather small and does not affect the general understanding of depletion forces 
which is why I did not further discuss this issue in the main text. 
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soluble in water and their radii of gyration scale with their molecular weight as 
. .
~ ~
0 54 0 58
 to w wM M [Uda and Meyerhoff, 1961; Devanand and Selser, 1991; Bhat and 
Timasheff, 1992] which is in agreement with the assumption either by a simple random walk 
or a self-avoiding random walk. The radius of gyration was determined for PEG to
.[Å] . · 0 550 28G wR M≈  [Bhat and Timasheff, 1992] and for methylcellulose to 
.[Å] . · 0 540 54G wR M≈ [Uda and Meyerhoff, 1961]. The larger radius of gyration of methyl-
cellulose can be interpreted as a longer effective bond length reflecting a little stiffer polymer 
backbone which is in agreement with its larger chain diameter (Figure 4.7). 
BSA, in contrast, is a protein and hence maintains a precise folding structure displaying a 
Stokes radius of about 3.5 nm (Sigma Aldrich, Datasheet). Serum Albumins are plasma 
proteins in mammals that regulate the osmotic pressure in blood.  
 
Figure 4.7 Structural formulas of PEG and Methylcellulose (figures adapted from wikipedia). 
In addition to PEG, methylcellulose, and BSA, experimentalists commonly apply other 
polymers such as dextran or ficoll which are polysaccharides [Zhou et al., 2008].  
 
4.2 Methods: Experimental design and data analysis 
In contrast to my previous attempts to confine the experimental actin solutions to mostly 
rigid micro-fabricated structures (section 3.5), liquid materials were used in the following. A 
very common technique used for biomimetic confinement is vesicle formation. Here, the 
inner solution is enclosed by a phopsholipid bilayer, i.e. a two-dimensional liquid shell. While 
these systems –in addition to their confinement- potentially include physiologically 
interesting membrane interactions, vesicle formation nevertheless brings a number of 
problems with it. First, vesicles formation is a very delicate process which strongly depends 
on the inner and outer solution used. High salt conditions as well as very high protein 
concentrations usually complicate vesicle formation dramatically. Second, visualization of the 
inner structures (e.g. actin networks) can be quite difficult since vesicles are commonly 
visualized in solution. This means, that they permanently undergo Brownian and convective 
motion which obstructs taking time series of one and the same vesicle.  
Partly for these reasons, I have chosen to develop another experimental setup based on 
substrate adhered droplet formation. In addition this approach promised to provide further 
advantages for the experiments’ purpose. Using protective oil layer evaporation can be 
inhibited but also be used in a controlled manner. Moreover does the droplet-oil-interface 
depend on surface tension but not on the available membrane surface (as in the case of 
vesicles) and consequently does allow readdressing one and the same droplet by 
micropipette techniques without destroying it. 
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4.2.1 Protein purification and handling 
Except for the proteins used, all chemicals were purchased from Sigma-Aldrich (St. Louis, 
USA). Actin was prepared from rabbit muscle as described by Gentry et al. [2009]. First 
acetone powder was obtained from rabbit muscle and was kept for up to two years at -80°C. 
G-actin was extracted from the acetone powder based on the method of Pardee and Spudich 
[1982]. Finally, the G-actin was further purified by gel ﬁltration chromatography using a 
Superdex HiLoad 26/20 prep grade column (GE Healthcare Europe, Freiburg, Germany). The 
G-actin obtained was in a highly puriﬁed form at concentrations usually between 25 and 63 
µM, separated into small aliquots for long-term storage at -80°C. All concentrations were 
determined using a Beckman DU 530 spectrophotometer. The protein was stored in G-buffer 
(5mM Tris, 0.1mM CaCl2, 0.2mM ATP, 1mM DTT (dithiothreitol), and 0.01% NaN3).  
For fluorescence microscopy actin was rhodamine labeled without the use of phalloidin 
according to Isambert et al. [1995]. Puriﬁed human plasma gelsolin (Cytoskeleton, Denver, 
USA) and cytochalasin D were used to control ﬁlament length. G-actin was typically mixed 
with labeled rhodamine actin to a ratio of 10:1. 
The detailed protocols for actin purification and labeling are included in appendix D. 
4.2.2 Droplet formation 
To depose droplets of a desired size (10 – 200µm in diameter), micropipettes
126
 together with 
a micropipette manipulator were attached to an optical microscope. The micropipettes were 
obtained using a Sutter micropipette puller (Sutter P-2000) and parameters were adjusted to 
generate tip openings of few microns. The micropipette was clamped to a micro-manipulator 
(Olympus Ono-121) for 3-dimensional control of the pipette tip on small-scales. Larger scale 
movements and adjustments were realized by using additional micrometer driven translation 
stages.  
For many applications such as vesicle aspiration, the pressure applied to the micropipette 
needs to be adjusted precisely. A simple way to obtain precise pressure control is the use of a 
liquid reservoir that can be lifted and lowered accurately. For my experiments, however, it 
quickly turned out that larger pressure variations were necessary for droplet initiation and 
that a highly precise pressure control was not important for controlled droplet adjustment. 
Hence, the micropipettes were simply attached to a standard syringe, filled with Millipore 
water. 
Cleaned glass cover slips were equipped with a 0.5-1mm high surrounding barrier to form a 
well. Therein an oil film was deposed with sufficient height to fully cover the later formed 
droplets (typically the initial oil film thickness was about 100-250µm). A macroscopic droplet 
of the experimental solution was put onto another cleaned glass plate and quickly aspired by 
the micropipette. The aspired solution was deposed in form of various droplets onto the glass 
surface
127
 (Figure 4.8). The experimental solution itself was mixed shortly before aspiration 
takes place and was then kept on ice to slow down the initial filament formation. From taking 
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 Unfortunately, micropipette is a badly defined category since it both refers to the common wet-chemistry lab 
pipette and the glass microneedles with micron sized tip. I will only use micropipette for the later form. 
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 Droplet deposition is fast and a line of droplets of equal size can be generated at a speed of ~1droplet/second. 
Usually, however, I deposed droplets of various sizes within one sample which takes 1-2 minutes. 
Florian Huber  ||| Emergent structure formation of the actin cytoskeleton  -99- 
the solution out of the ice to the final droplets it usually took no more than 5-10 minutes
128
. A 
major control parameter for the initial droplet shape is the glass surface properties. Plasma-
cleaned pure glass presents a rather hydrophilic surface which leads to a very high aspect 
ratio between droplet diameter and height (typical initial height ~10µm for 100µm diameter 
droplets). Sigmacote (Sigma, St.Louis, USA) was used as a hydrophobic surface coating and 
allowed to generate rather spherical droplets with contact angles cθ ˃90°(Figure 4.9). 
Changing the droplets’ shape permits to study effects of 3D confinement versus quasi-2D 
confinement (2D with respect to the networks meshsize dimension). 
 
Figure 4.8 Sketch of the experimental procedure. A thin oil layer is brought onto a coated glass cover slip (A). Using 
a micropipette, droplets of the experimental actin solution are placed on the glass surface and equilibrate for∼1h 
at room temperature (B). By slow evaporation the actin solution reaches the critical level of divalent salt for 
crosslinking (C). Phase contrast images show the actual deposition of a larger droplet on a hydrophilic surface (D). 
 
Figure 4.9 Changing the surface hydrophobicity, e.g. by using different surface coating techniques, permits to 
control the initial droplet shape. While hydrophilic plasma cleaned glass lead to very flat droplets (left), 
hydrophobic surface coatings (e.g. Sigmacote) generated more spherical droplets with contact angles cθ ˃90° 
(right). 
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 Though even when more time passed until the final droplets were established, I could not observe any 
significant difference in pattern formation. The only difference I noticed is that highly concentrated actin solutions 
become notably more difficult to aspire and depose after few minutes, most likely due to the formation of 
entangled F-actin conditions. 
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In biological research, a covering oil layer is most often used to prevent evaporation. From 
crystallography, however, it is know that evaporation continues despite a protective oil layer, 
albeit by drastically reduced rates [Chayen, 1997]. For an approximate control of the droplets 
evaporation rate, I found two major parameters to be most dominant: the type of oil and the 
oil layer thickness. For faster evaporation, comparatively thin films of silicone oils were used. 
Most commonly, a slower evaporation was more desired and hence hexadecane was applied 
at various film thicknesses. Typically the initial film thickness was chosen to be much higher 
than the droplets to practically stall the droplets evaporation during the first hour (Figure 
4.8). This time span is by far sufficient for the F-actin to reach steady state conditions [Brooks 
and Carlsson, 2008]. 
Subsequently, the oil film thickness was reduced by removing a large fraction of the oil which 
leads to increased droplet evaporation, though the intention was to still slow it down enough 
to prevent noticeable convective flows within the droplets. Typically this ‘faster’ evaporation 
was on the scale of 10% reduction in volume per 20-30 minutes (see Figure 4.13). 
 
4.2.3 Volume monitoring and pattern analysis 
Volume monitoring 
Due to the droplet’s evaporation, i.e. its reduction in water content, the concentration of all 
solution ingredients rises. The actual salt and protein concentration can be deduced out of 
the relative change in volume when compared to the initial state. One possibility to access 
the droplets volume lies in its 3D reconstruction based on confocal imaging. The fluorescence 
of both G-actin and F-actin allows a permanent visualization of the droplet’s entire solution 
filled volume through confocal microscopy. Different images taken at different z-positions 
represent the respective droplet cross-sections and principally permit to determine the 
droplets shape and volume (Figure 4.10, top right).  
To monitor the droplet evaporation over time, an automated image analysis routine was 
written in MatLab (MatLab R2008a, Mathworks). An edge detection was performed on each 
image and based thereon a mean radius could be derived. The corresponding pixel size and z-
positions of each stack image were directly gathered from the confocal data files. Balancing 
the time necessary for a full 3D confocal scan against the scan’s accuracy, I typically took 
stacks of 10-20 images per droplet. The measured radii for each z-position are subsequently 
fitted by a polynomial ( )R z which is then used to derive the total volume V via 
 ( )2
0
a
V R z dzpi= ∫ . 
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Figure 4.10 The droplet volume is monitored via confocal imaging (top right) and the single stacks are further 
quantified by an image analysis routine to reconstruct the droplet’s contour and volume (top left). Examples are 
displayed for initial volume (A), volume at first bundle formation (B), and at fully evolved pattern (C). Based on the 
relative volume changes the respective protein and salt concentrations are deduced. 
In most cases the measured radii seem to nicely trace the droplets contour (Figure 4.10, top 
left), but two major sources of error seemed unavoidable. First, a perfectly accurate 
localization of the droplet’s bottom is not possible. The glass surface shows notably higher 
fluorescence intensity which determines the bottom stack image. Still it is not clear whether 
the corresponding z-position really is the actual bottom position, and might as well be half a 
stack increment above or below. Second, the edge detection risks to systematically over or 
underestimate each cross-sections diameter. This systematic error, however, has little 
influence on the relative volume change of the droplet since it applies to all stacks over time 
and thus mostly cancels out.  
Generally, the precision is much better for higher (and larger) droplets. Very flat droplets, 
such as the ones generated on hydrophilic substrates are hard to monitor precisely and their 
evolution over time cannot be determined very accurately. Droplets on a hydrophobic 
substrate, however, allow a surprisingly accurate monitoring of their volume (Figure 4.10, 
Figure 4.13). The actual salt and protein concentrations are then determined by multiplying 
the initial solution’s concentration with the change in volume ( ) / ( )0V V t . Actin itself 
supports a broad range of ionic conditions such that possible volume changes can be large 
without having severe effects on the protein folding. I usually only applied total volume 
changes down to 25-50% of the initial volume, but I observed no notably changed behavior of 
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the actin for volume changes down to 10-20%
 129
. Interestingly, this permits to increase the 
total actin concentration by one order of magnitude in comparison to ‘conventional’ bottom-
up experiments and hence to achieve cell-like protein densities. In addition the initial dilution 
of the experimental actin solution circumvents difficulties during micropipette aspiration 
when using very high actin concentrations and especially when using very viscous solutions 
(e.g. with high methylcellulose content). 
Droplet perturbations 
A key advantage of the described droplet confinement and the very slow evaporation is the 
suppression of internal convective flows. In standard bulk experiments, internal flows 
strongly influence pattern formation and can even dominate or induce pattern formation in 
certain cases (section 2.3.1)[Gentry et al., 2009]. 
 
Figure 4.11 Convective ﬂows introduced before the crosslinking transition through rapid evaporation are used to 
induce F-actin alignment. By temporarily reducing the oil layer thickness evaporation is accelerated dramatically, 
in particular at the uppermost part of the droplet (A). Either after evaporating below the oil layer thickness or by 
re-adding oil to the protective layer, the fast evaporation phase is completed (B).  
Intentional perturbations of the F-actin solution within the droplets, however, are easy to 
realize. Apart from direct intervention with a micropipette, the method I used to induce 
filament alignment was a short period of fast evaporation. This is done by briefly lowering the 
oil film thickness until the droplets touch (or nearly touch) the oil films surface (Figure 4.11). 
Either by re-adding oil or simply based on the droplets decrease in volume, this period of fast 
evaporation is stalled after few minutes. 
Pattern analysis 
The obtained network patterns were further quantified using image analysis routines. To 
access the dynamics of the bundling transition the fluorescence intensity deviation was 
chosen as an adequate measure.  
More complicated was the automated position detection of network connections. A MatLab 
program including a larger number of analyzing and image processing steps was written to 
determine such positions (Figure 4.12). After initial adjustment of the image brightness a 
combination of correlation-analysis based on thin lines along different angles together with 
the Canny-Algorithm [Canny, 1986] was applied to trace the most prominent bundles. The 
lines were elongated further (Figure 4.12B) to pronounce the network centers after 
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 The method itself would allow even higher changes of volume, but at a certain point the droplets height gets 
very difficult to measure precisely. An additional limitation is the salt concentration used. If the monovalent salt is  
chosen too high in the beginning with a following drastic reduction in droplet volume the substantial rise in 
monovalent salt will certainly effect the actin negatively (and in case of extreme volume reduction will even result 
in drying phenomena such as crystal formation). This, however, refers to a regime far from the experimental 
conditions that were used to obtain the presented data. 
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overlaying the images derived for all directions (Figure 4.12C). Following blurring and erosion 
steps finally allow to discriminate the centers by taking a threshold (Figure 4.12D). At least 
when using images of good quality the developed routine allowed to trace the centre 
positions in a very consistent manner (Figure 4.12E)
130
. Interestingly, a simple Delaunay 
triangulation
131
 to connect the detected centre positions seemed to be in good agreement 
with actual bundle connections (Figure 4.12F).  
 
Figure 4.12 Different image processing steps to determine the aster-like centre points. Starting from the initial 
fluorescence image (A) lines in all directions are searched and elongated as shown here for one particular angle 
(B). The overlay image of all such images taken at different angles (typically ~30 angles from 0 to π are calculated) 
already shows pronounced centres (C). Subsequent blurring and eroding steps allow to finally threshold the image 
to discriminate centres from their surrounding (D). The respective centre positions are drawn as circles onto the 
initial network image (E). Centre connections derived by a Delaunay algorithm mostly fit to existing bundle 
connections (F). 
The centre positions derived along this scheme were used to further to obtain a radial 
distribution function in order to analyze the network’s regularity (section 4.3). 
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 Unfortunately, the many different analyzing steps result in a larger number of adjusting parameters such as the 
length of lines tested within the correlation analysis or the degree of erosion and blurring. Nevertheless, I found 
that the detected centre positions generally changed only very little over a wide range of parameters and 
furthermore agree well with positions detected by hand. 
131
 Delaunay triangulation connects a set of points in a way that no single point is inside a circle defined by the 
three points of another triangle. It hence aims at maximizing the minimum angle of the triangles. 
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Spontaneous order-production is deeply counterintuitive, like 
magic or something coming out of nothing… 
Terrence W. Deacon in “The re-emergence of emergence”, p.117 
 
‘Entirely usual,' replied Mycroft. 'Standard clumping, entropy 
levels normal. Shake it every now and then. You'll know when a 
decrease in entropy occurs as the rice and lentils will separate 
into more ordered patterns – and that's the time to watch out 
for ludicrously unlikely coincidences’ 
Jasper Fforde in “Lost in a Good book” 
 
4.3 Actin pattern formation 
After deposing the droplets onto the glass slide covered by an oil layer (section 4.2.2), the 
evaporation is strongly reduced for about one hour to allow the solution to reach steady 
state F-actin conditions. Using fluorescently labeled actin (section 4.2.1) and confocal 
microscopy it is possible to monitor the droplet evaporation and thereby the actual 
concentration of actin as well as the concentration of monovalent and multivalent ions or the 
concentration of the respective crowing agent (section 4.2.3).  
4.3.1 Counterion-induced network formation 
Since all filaments are fluorescently labeled and actin concentrations are high, individual 
filaments cannot be observed. Due to the filament density the fluorescence intensity 
generally is very homogeneous (Figure 4.13 B, dt = 0s). By continuing (and eventually 
speeding up) the evaporation process, the multivalent salt concentration increases and 
eventually reaches the critical threshold concentration for filament aggregation (section 
4.1.1). While the filaments were too dense to be observed individually, thicker actin bundles 
become visible due to their increased fluorescence intensity and lower overall density. Based 
thereupon the intensity deviation of the fluorescence images can be used as a measure for 
the degree of inhomogeneity, i.e. the degree of aggregation. It indeed shows a transition 
signature that coincides with the first visible bundles (Figure 4.13 A). 
Both the visible bundle network formation and the intensity deviation show a rather fast 
transition from an F-actin solution to bundle network conditions hence confirming the 
presence of a well-defined threshold concentration of multivalent salt for filament 
aggregation as suggested by early data from Tang and Janmey [Tang and Janmey, 1996]. 
While actin bundle formation by multivalent salts is a well-known effect (section 4.1.1), the 
observed structures form previously unreported regularly spaced networks of aster-like clus-
ters (Figure 4.13B and Figure 4.14).  Their regularity was further quantified by automated 
centre detection (section 4.2.3) and the subsequent determination of the respective radial 
distribution function shown in Figure 4.14. The prominent first peak indeed reveals that a 
narrow range of centre distances is strongly favored resulting in a fairly regular spacing.  
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Figure 4.13 Bundling transition observed with confocal microscopy. The droplet volume can permanently be 
monitored (A, squares) and allows to precisely derive the actual Mg
2+
 concentration (A, circles). The intensity 
deviation of the fluorescence signal can be used as a measure for the degree of inhomogeneity or the degree of 
aggregation and indeed shows a transition signature precisely at the point where first bundles become visible (A, 
triangles). Fluorescence images show the visible formation of an actin bundle network with aster-like centers 
within 400 to 600s (B). The observation of first visible inhomogeneities or bundles was further used to determine 
the threshold concentration of Mg
2+
 ions (Figure 4.15). 
 
Figure 4.14 Aster-like aster pattern (A). Centers as found by computer algorithm are marked with red circles. Note 
the coincidence of connecting actin bundles with links as established by the Delaunay-triangulation algorithm. 
Radial distribution function (B). The nearest neighbor distance of aster-like aster centers is between 5 and 7 µm as 
shown by the prominent, repeated maxima in the radial distribution function. 
By adjusting the initial multi- and mono-valent ion concentrations with respect to the actin 
monomer concentration it was possible to tune the actin concentration at the bundling 
threshold which was found to primarily define the observed pattern. The threshold 
concentration of Mg
2+
 was found to be largely determined by the respective amount of 
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monovalent salt (KCl) and appeared to be mostly unaffected by the actin concentration 
(Figure 4.15B, inset). The bundling threshold concentration of magnesium
 
ions
*
MgC can be 
described as a function of the ratio of monovalent K
+
 ions to divalent Mg
2+
 ions and could be 
estimated by using a linear fit (Figure 4.15A) 
 
* *
·[ : ] . . ·[ : ]2 20 19 1 3 97MgC C a K Mg mM K Mg+ + + += + ≈ + . [27] 
The observed shift of the bundling threshold concentration with increasing amounts of 
monovalent salt is in qualitative agreement with observations made by Tang and Janmey 
[Tang and Janmey, 1996]. 
 
Figure 4.15 (A) The visible free bundle length was measured for different monovalent salt concentrations and actin 
concentrations. Bundle lengths were derived from measuring n = 100 bundles. (B, inset) The magnesium threshold 
concentration for crosslinking increases upon addition of KCl (but does not signiﬁcantly depend on actual actin 
concentration). The ﬁtted slope was used to parametrize the data shown in (A) according to the actin 
concentration at the bundling transition (B) and the mean free bundle length strongly depends on the F-actin 
density roughly following a power law (~Ctr
-0.5
). The estimated dependence of the magnesium bundling 
concentration on KCl was further used for the phase boundaries shown in Figure 5. 
Thus, a obvious way to change the F-actin density at the bundling threshold is simply to keep 
the K
+
:Mg
2+
 ratio constant while changing the actin concentration with respect to the salt. 
The resulting bundle networks are shown in Figure 4.16 and clearly demonstrate the 
fundamental influence of the F-actin density on the network architecture. Lower filament 
densities result in extended networks with high angle crossing points (Figure 4.16A) while 
higher densities lead to stripes of parallel aligned bundles, which I will refer to as ladder-like 
stripes(Figure 4.16C). At the upper end of the tested actin concentrations long-range nematic 
effects became apparent (Figure 4.16D).  
By further exploring this concentration parameter space the regularly spaced networks of 
aster-like clusters were generally observed for actin concentrations below 40µM. For all 
experiments done, these networks isotropically span the entire droplets forming stable three 
dimensional structures.  
Changing the surface hydrophobicity is was possible to depose droplets of high diameter-to-
height ratio with a typical height below 10 µm (section 4.2.2, Figure 4.9). Thereby a quasi two 
dimensional confinement could be achieved with respect to the typical network dimensions 
(e.g. average free bundle length as shown in Figure 4.15B). Interestingly, this additional 
confinement leads to even more apparent regularity which permits a further quantification 
(Figure 4.14). 
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Figure 4.16 Different network topologies upon variation of actin concentration. For a K
+
:Mg
2+
 ratio of 2.5 the 
magnesium threshold concentration was at 27 ± 5mM and F-actin concentrations at the bundling transition can be 
estimated to be roughly 15µM (A), 30µM (B), 60µM (C), and 90µM (D). The images shown were taken after the 
network formation was finished and remained stable. The corresponding actual actin concentrations were 20 ± 
4µM (A), 47 ± 7µM (B), 100 ± 10µM (C), and 120 ± 20µM (D). The four samples shown were further used to 
determine the free bundle length presented in Figure 4.15. 
Substantial pattern changes occur when increasing the actin concentrations. Going to 
intermediate actin concentrations of 40 to 80 µM, actin bundles start to form ladder-like 
stripes before nematic domains appear at even higher concentrations (Figure 4.17). Previous 
experiments revealed a discontinuous isotropic-nematic phase transition with a low 
rotational hindrance for low concentrations (≤ 10 µM) and significant rotational hindrance for 
tight entanglement at 10 to 40 µM and a nematic transition at 80 to 100  µM [Viamontes et 
al., 2006a].  Based on a linear extrapolation of the magnesium threshold concentration 
(Figure 4.15A, equation[27]), the actual actin concentration at the bundling transition can be 
expressed as a function of the monovalent salt concentration. This is used to denote actin 
threshold concentrations of 40 and 80 µM corresponding to actin concentrations needed for 
partial and nematic alignment in Figure 4.17 (two dashed lines). At the same time, both lines 
coincide with the phase boundaries between aster-like, ladder-like, and nematic actin bundle 
networks substantiating the notion that the underlying actin filament ordering directly affects 
the morphology of the actin bundle network. 
 
Figure 4.17 Observed network structures are marked by circles, triangles and squares with typical examples of 
aster-like, ladder-like and nematic structures, respectively, shown on the right. Dotted lines in the diagram refer to 
actin concentrations of 40 and 80 µM which correspond to the onset of partial and nematic alignment in F-actin 
solutions. 
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To further test the role of liquid crystalline order within the F-actin solution prior to the 
bundling transition, different methods were tested. One very obvious approach would have 
involved polarization-based microscopic techniques such as the Polscope [Gentry et al., 
2009]. Unfortunately first tests revealed that non-trivial optical behavior of the experimental 
setup used largely obstructed this type of approaches. The droplets’ surface curvature 
together with the droplet-oil boundary as well as the fact that the droplet shape permanently 
underwent changes due to evaporation prevented a proper observation of our samples with 
the Polscope. Consequently, two other ways to address the role of order within the F-actin 
solutions were applied. First, filaments were shortened to shift their liquid crystalline 
behavior and second, controlled convective flow was used to induce filament pre-alignment 
(section 4.2.3, Figure 4.11).  
Shorter ﬁlament lengths dramatically reduce this rotational diffusion time and retard the 
isotropic-nematic phase transition [Doi and Edwards, 1999; Helfer et al., 2005]. Gelsolin-
shortened ﬁlaments [Burlacu et al., 1992] as well as cytochalasin-D-shortend filaments 
[Cooper, 1987]  lead to a clear shift from ladder-like to aster-like patterns suggesting that 
locally pre-aligned actin ﬁlaments later form ladder-like bundle patterns (Figure 4.18A-D). 
This is further validated by deliberately inducing alignment within the droplet through rapid 
evaporation (Figure 4.18E,F) which persists on the timescale of several hours [Doi and 
Edwards, 1999; Helfer et al., 2005] (see appendix on p.132). This means that the F-actin 
solution easily memorizes the pre-alignment period until reaching the crosslinking transition 
(typically 30 min after convective flow period) and hence should clearly influence the actin 
networks formation. We indeed observed very prominent concentric ladder-like structures at 
actin concentrations well in the aster-like regime (Figure 4.18E,F). 
 
Figure 4.18 Effect of changes in ﬁlament length and by ﬂow induced alignment. Comparison of actin networks 
formed with normal actin ﬁlaments (A,C) in comparison to cytochalasin shortened ﬁlaments (B) and gelsolin 
shortened filaments (D) (Actin [µM]:KCl [mM] = 2). Convective ﬂows introduced before the crosslinking transition 
through rapid evaporation lead to F-actin alignment that also becomes apparent when bundles are induced about 
~ 30 min later (E,F). 
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Interstingly, the center distance does not visibly correlate with actin filament length and even 
radical filament shortening has little or no effect on the average center spacing (see also 
Figure 4.18A,B and C,D).  In contrast, the experiments revealed a strongly decreasing free 
bundle length with higher actin concentrations G (Figure 4.15B), scaling with .~ 0 5G− . 
Another important experimental variation was the use of phalloidin stabilized filaments.  
Phalloidin stabilizes filaments and inhibits filament treadmilling and was used as a test for the 
role of the dissipative character of F-actin. I found no substantial differences when working 
with phalloidin treated F-actin which implies that ATP-consumption is no prerequisite for the 
formation of the reported patterns. Furthermore, the patterns were found to persist for 
hours to days if we managed to stop evaporation. Both findings strongly suggest, that the 
observed bundle networks do not form by self-organization but rather by self-assembly 
aiming at a state of minimal free energy, possibly reaching a local minimum (i.e metastable 
state). 
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4.3.2 Depletion force induced network formation 
Besides multivalent salt, molecular crowding agents are known to induce actin aggregation in 
the absence of specific protein crosslinkers (section 4.1.2). In order to further investigate the 
formation of depletion-force induced F-actin structures, I used the same experimental 
procedure as for the counterion-based experiments in the previous section (see methods in 
section 4.2). The divalent ion concentration (Ca
2+
 and Mg
2+
) was drastically reduced in 
comparison to the counterion-based experiments (about 20-fold) to ensure that counterion-
condensation effects remain negligible during the entire experimental procedure. Instead, 
small amounts of a molecular crowding agent were added to the initial experimental solution 
which was then deposed in form of small droplets onto a coated glass slide, protected by an 
oil layer (section 4.2). Unless otherwise mentioned, all following data was obtained using 
methylcellulose as crowding agent. 
Similar to the case of counterion-induced network formation, I observed a relatively sharp 
transition from F-actin to bundle network conditions within few minutes at very slow droplet 
evaporation (Figure 4.19). Again, the networks observed suggested a certain regularity of 
their mesh size
132
 and again, the networks consisted of actin bundles connected by aster-like 
centers. Apart from these very general common features, however, the depletion force 
induced networks behave very differently in comparison to the counterion-induced networks. 
 
Figure 4.19 Time series of a F-actin solution after reaching a critical threshold concentration of methylcellulose. 
The images were roughly taken every two minutes using a confocal microscope and display one plane in the 
middle of a droplet. Network formation initiates from the droplet’s borders before reaching the centre. The last 
image (at 14 minutes) shows less network material then the previous frames. This is due to strong bending of 
parts of the networks into neighboring image planes. 
After the network formation phase, the counterion-induced pattern generally remained 
stable for quite a while, even if evaporation slowly continued
133
. The depletion force-induced 
networks, in contrast, seem to undergo permanent transformation processes, especially 
when studied in three-dimensional (i.e. sufficiently spherical) droplets. Here, one can roughly 
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 The network’s regularity is much more obvious for larger droplets (e.g. Figure 4.22). 
133
 Of course, this changed after some time since the shrinking droplet results in more restricted confinement and 
higher salt concentrations. Typically, at a certain point (far from the bundling transition, though) the pattern 
changed into dried structures. 
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distinguish two phases of network transformation. Initially, the homogeneous F-actin solution 
is transferred into a bundle network of fairly regular mesh size (Figure 4.20A) resulting in an 
overall network contraction (Figure 4.20C). Subsequently the existing meshes appear to fuse 
(Figure 4.20B) which leads to further network contractions (Figure 4.20D). When evaporation 
was inhibited or stalled the networks maintained their first regular network structure (even 
overnight). Furthermore, even when evaporation took place, the network contractions 
displayed in Figure 4.20 clearly exceeded the droplet’s evaporation in speed and magnitude. 
 
Figure 4.20 Methylcellulose induced network formation. Two distinct phases can be observed during network 
formation. First, F-actin is assembled into bundle networks (A) and then the existing bundles fuse which results in 
further drastic network changes (B). Overlaying frames taken at different time clearly shows that both phases go 
along with an overall contraction of the network (C,D).  
The second phase of fusing network meshes was found to be directly connected to the three-
dimensional network architecture. The visible “holes” that seem to form within individual 
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image planes (Figure 4.20, at 411s) do not originate from material loss, but from bundles that 
fuse and bend towards the respective upper or lower image planes. This becomes very 
apparent when scanning a networks filled droplet from top to bottom (Figure 4.21). The 
arising actin network shows a dense and fairly regular architecture in the middle and top of 
the droplets and forms a network-free centre towards the bottom of the droplet. This 
network-free centre is not present at an earlier stage of network formation and only evolves 
over time. I could observe the same process in a number of droplets at similar conditions, but 
further experimental testing will be necessary to claim that this is a general network feature.  
 
Figure 4.21 Confocal scans representing different planes from top to bottom of an actin bundle network filled 
droplet. While the upper part of the droplets contains a dense network of fairly regular meshsize, the lower parts 
show a network-free centre region.  
Using very flat droplets to confine the network in a quasi-two-dimensional manner it was 
possible to inhibit this hole-formation by fusion of network meshes which again speaks for 
the three-dimensional character of this process (Figure 4.22). Apart from inhibiting the phase 
of fusing meshes, actin bundle networks formed under two- and three-dimensional 
confinement reveal further differences. Network contraction typically could not be observed 
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for the quasi-two-dimensional situation where the actin bundle network occupies the entire 
area of the droplet (Figure 4.22, right) while the network within three-dimensional droplets is 
clearly detached from the droplet boundaries (Figure 4.22, left). Moreover –similar to 
observations made with counterion-induced networks- the two-dimensional confinement 
seems to promote the formation of more regularly spaced networks (Figure 4.22). 
 
Figure 4.22 Two examples of methylcellulose induced actin networks under similar conditions, both show a fairly 
regular network structure connected by aster-like centres. The left image represents one section through a 
~200µm high, hence truly three-dimensional droplet obtained by confocal microscopy. The right image was 
obtained by standard fluorescence microscopy of a flat, quasi-two-dimensional droplet. The 2D situation clearly 
enhances the visible regularity of the networks obtained. 
Other significant pattern changes were initially expected upon variations of the type and size 
of the crowding agents used. First experiments have been performed using PEG or BSA 
instead of methylcellulose. Again, network formation was observed, but the network 
architecture differed strongly from the previously described methylcellulose-based pattern 
(Figure 4.23). Surprisingly, at first sight the observed networks resembled structures that 
were found when using divalent counterions (section 4.3.1).  
The actual size of the crowding agents used might be very different and the crowding agent’s 
size will certainly affect the filaments’ interaction potential (section 4.1.2). According to the 
dependence of the radius of gyration on the molecular weight as introduced in section 4.1.2, 
the PEG used should have a radius of about 4.4 nm which is indeed notably smaller than the 
radius calculated for the methylcellulose (about 9.3nm)
134
. To test whether the crowding 
agent in solution could be the dominant factor, further experiments were preformed using 
larger methylcellulose as well. No notable difference in network structure or mesh-size could 
be resolved when comparing results obtained with either 14kDa or 87kDa methylcellulose 
(Figure 4.24). The respective radii of gyration can be estimated to be 9.3nm (14kDa) versus 
25.1nm (87kDa). These findings make me doubt that the difference in either radius of 
gyration or viscosity will be the fundamental reason for the very different patterns shown in 
Figure 4.23. 
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 The molecular weight, however, is rather similar. The larger difference in the radius of gyration originates from 
the supposedly stiffer backbone of the methylcellulose (see also section 4.1.2). 
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Figure 4.23 Comparison of actin bundle networks induced by either methylcellulose (A), PEG (B), or BSA (C). All 
images were taken using confocal microscopy.  
 
Figure 4.24 Comparison of actin bundle networks induced by methylcellulose of different sizes. Despite the 
considerable difference in molecular size with more than six times larger polymers in (A) compared to (B), the 
networks found appear to be very similar and show very similar regular mesh-sizes. The major difference observed 
was the strong shift of the necessary threshold concentration for inducing the bundling transition. Information 
regarding molecular weight and viscosity at 2% (w/w) was obtained from Sigma-Aldrich datasheets. The dashed 
line in (A) represents the droplet shape. 
It should be clearly state at this point, that particularly the results obtained with PEG and BSA 
need to be investigated further, but also the methylcellulose based experiments will demand 
further systematic parameter scans in order to slowly approach a full understanding of the 
presented system. This involves systematic testing of the influence of F-actin density. 
Preliminary tests with BSA already show that depletion force induced networks also include 
ladder-like patterns similar to the studied counterion systems.  
Additional experiments should also include the sorrow testing of further crowding agents 
such as dextrans. Finally, this experimental approach will needs to be complemented by 
theoretical modeling to understand the underlying microscopic processes responsible for the 
formation of the presented bundle networks as well as for the different behaviour of PEG, 
BSA and methylcellulose. First preliminary steps towards such a model are outlined in the 
following section. 
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4.4 First modeling attempts: bundling simulation 
The experimentally observed formation of regularly spaced bundle networks due to 
counterion condensation (section 4.3.1) as well as due to depletion forces (section 4.3.2) at 
first appears counterintuitive and to my knowledge has not been reported previously. While 
theoretical models explaining the general effect of counterion induced as well as crowding 
induced aggregation exist, the resulting dynamics of entire solutions of interacting 
semiflexible filaments have not been modeled so far.  
For first testing purposes I designed a strongly simplified computer simulation. The main 
intention therein was to gain a better intuition for different possible interaction mechanism 
and to search for potential origins of the network’s regularity and appearance. So far, this 
simulation approach only represents a first framework that will demand further efforts to 
gain a reliable understanding of the underlying processes involved.  
4.4.1 Model concept and assumptions 
For simplicity filaments are represented by a chain of N knots connected by incompressible 
rigid segments of length L∆ . All type of motion and interaction is primarily implemented via 
the filament’s knots but the segment orientation is also taken into account. The considered 
underlying filament properties include the filament’s stiffness based on the wormlike chain 
model and thermal fluctuations. 
 
 
Figure 4.25 Scheme for the simulation of filament fluctuations and filament-filament interactions. Filaments are 
divided into N knots connected by rigid segments. (A) All knots experience random forces representing thermal 
fluctuations. Possible filament bending results in a restoring force that is proportional to rbend which is given by 
two neighboring segment vectors. (B) Filament knots interact with other filaments via a distance dependent 
potential U(r) where r refers to the shortest connection from the respective knot to the other filament (inset). Not 
drawn but of substantial importance is a further angle dependence of interacting segments to avoid unrealistic 
trapping events, thus giving a U(r, ϕ). 
Thermal motion is simply implemented by a random force acting on each knot during each 
time step. The resulting angle between two neighboring segments generates a restoring force 
Fbend acting on the three neighboring knots involved. Based on the wormlike chain model I 
assume that (see also section 2.2) the energy can be described by 
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with bendr  the diagonal of the parallelogram generated by the two segment vectors ( ):1i in − and 
:( )1i in + (Figure 4.25A) and with κ  the filament’s bending modulus. For small angles between 
to neighboring filament segments bendr can be approximated by  
 sin( )
2
2bendr L L
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Thus the restoring force becomes 
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Filament fluctuation characteristics will hence depend on viscosity and temperature (i.e. the 
assumed strength of the random fluctuations) as well as the filament stiffness which is 
determined by κ , and the number of knots N. The number of knots, however, can also be 
interpreted as the actual length of a filament. By changing the filament stiffness via κ , the 
filament properties can be tunes from a rigid to flexible regime (Figure 4.26).  
Filament interaction is described by an interaction potential ( , )U r ϕ acting in-between two 
knots with the distance r being the shortest distance of one knot with the other filament’s 
segments (Figure 4.25B). The potential consist of a hard core repulsion together with a short 
range attractive and following repulsive part
135
. The additional dependence on the angle ϕ  
between the two interacting segments reflects strong interaction for parallel segments and 
weak interaction for perpendicular segments according to Lee et al. [2004]. This is further 
necessary to avoid unrealistic trapping events only based on the segment-wise description of 
the polymers.   
 
Figure 4.26 Snapshots of fluctuating filaments of N=20 knots, all at the same temperature (i.e. the same strength 
of random fluctuations) but with different bending modulus κ. The filament conformation clearly indicates a 
transition from a rigid (lp <<L, for κ  = 10) via a semiflexible (lp ≈L, for κ  = 0.1) to a flexible regime (lp >L, for κ  = 
0.001). The restoring forces that result from local bending are drawn as blue arrows (all scaled identically, for 
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 The potential is calculated based on five parameters defining the core width, the height and width of the 
attractive part and the height and width of the repulsive part. 
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illustrative purposes, the counter-balancing force on the neighboring knots necessary for correct center-of-mass 
motion was not included).  
So far this simulation has been developed up to a stage were first preliminary testing 
becomes possible. First consistency test involved a short-ranged, purely repulsive interaction 
potential representing polymers in the absence of crosslinking or aggregating agents. The 
repulsion comes from the polymer’s hard core repulsion and electrostatic repulsion due to 
like-wise charge densities which will certainly depend on the salt concentrations (which 
determines the screening length). In this scenario, the filaments start to align and to form 
nematic or smectic-like phases (Figure 4.27A).   
Further preliminary test were performed using an attractive short-range potential with a 
following lower repulsive component resembling the potentials simulated for counterion-
induced attraction between two charged rods (Figure 4.3). Although first preliminary 
simulation data indeed shows bundle network formation (Figure 4.27B), the regular 
architecture found in counterion-induced bundle networks could not easily be reproduced. At 
the current stage of this project, however, definite conclusions cannot yet be drawn and 
further efforts will be necessary to reconsider the simulation’s main assumptions and to 
systematically explore the accessible phase space. 
 
Figure 4.27 Preliminary results obtained in first simulation runs. 800 filaments of initially random orientation and 
location were allowed to diffuse, fluctuate and interact. (A) Nematic patterns formed when a short-ranged, purely 
repulsive interaction potential was assumed. (B) A largely attractive (+ following minor repulsive) interaction 
potential lead to aggregation of the filaments and to formation of a bundle-based network. Due to the missing 
confinement of the simulated systems, both examples do not present a proper steady state. Different filament 
colors were used for better visibility.  
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4.5 Discussion: Counterion and depletion-based network assembly 
This part of my thesis aimed at developing a well-controllable experimental setup to study 
actin network formation in confined systems. Instead of using specific crosslinking proteins I 
chose to focus on two very fundamental aggregation inducing elements: counterion 
condensation and depletion forces. Both the polyelectrolyte nature of biopolymers as well as 
crowding induced depletion forces represent general entropic interactions and both are still 
far from being understood entirely.  
In addition to a general interest in the underlying physics of those aggregation processes, 
these mechanisms had another crucial advantage for my experimental conception. Using 
surface-bound droplets surrounded by an oil layer made it possible to dynamically adjust (via 
evaporation) not only the protein concentration but also the multivalent ion concentration or 
the level of molecular crowding. Since both counterion-condensation and molecular crowding 
display a well-defined transition characteristic from a non-aggregating to an aggregating 
regime (section 4.1), I was able to use them as switchable actin crosslinkers. The confining oil-
solution boundary further allowed to successfully circumvent the eminent sealing problems I 
encountered with my previous experimental attempts (see section 3.5)
136
.  
Using confocal microscopy the setup permits to precisely monitor the droplet volume (and 
hence the salt and polymer concentrations) and at the same time to visually observe the 
transition dynamics from F-actin conditions to crosslinked actin structures. Due to the 
system’s confinement and strongly damped evaporation, internal convective flow was 
virtually absent. In addition to that, the evaporation-based switching from a non-crosslinking 
to a crosslinking regime rendered addition and mixing with crosslinkers unnecessary which 
further minimizes perturbations of droplet content. Hence it was possible to observe F-actin 
aggregation through crosslinking under almost ideal experimental conditions
137
.  
Shortly after reaching the crosslinking transition, homogeneous actin bundle structures 
formed throughout the entire droplets. The transition proved to be fast and reversible
138
. 
Previous bulk experiments only reported actin bundle formation for both counterion 
condenstation and depletion forces (with the notable exception of ‘stacked two-dimensional 
rafts of filaments’ reported by Wong et al. [2003], section 4.1). The data presented in this 
thesis, however, reveals actin bundle networks of surprising regularity (Figure 4.14, Figure 
4.22, Figure 4.28C). And despite the system’s drastic reduction in complexity it gave access to 
a wide spectrum of different network patterns and network formation dynamics (section 4.3) 
whose diversity can easily compete with existing protein crosslinker systems  [Lieleg et al., 
2009] and motor-crosslinker systems [Backouche et al., 2006; Smith et al., 2007]. 
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 At this point one could ask why not using the well-sealed droplet system for reconstituted lamellipodial 
network formation as well. I am pretty confident that the micropipette approach will be well suited for such 
experiments and the next generation of PhD students in our lab will hopefully succeed in performing such 
experiments… 
137
 Thereby I mostly mean the absence of perturbations from internal flow and crosslinker introduction.  
138
 Pattern formation was reversible upon decreasing salt/crowding agent concentrations through addition of 
water. 
-120- 
 
Figure 4.28 Different types of reconstituted actin networks. (A) Filamin crosslinked network, (B) α-Actinin 
crosslinked network, and (C) Ca
2+ 
crosslinked network. Although all three examples display a rather homogeneous 
actin density as well as approximately homogenous mesh sizes, the network architecture differs substantially. 
None of the protein crosslinker based networks shows a comparable regularity or aster-like centers. Image A was 
taken from [Schmoller et al., 2008], image B from [Nguyen et al., 2009](no scale bar given). 
Using divalent counterions I found patterns ranging from regular networks connected by 
aster-like centers over stripes of highly aligned bundles (ladder-like phase) up to nematic 
demixing (Figure 4.17). While well-established polyelectrolyte physics can explain why actin 
ﬁlaments form densely packed bundles (section 4.1.1), the observed regular aster-like and 
ladder-like actin networks are novel and at first sight highly counterintuitive. Counterintuitive 
because it at first appears unlikely that attractively interacting polymers should simply self-
assemble into regular patterns which indeed has not yet been observed when using actin 
together with protein crosslinkers (Figure 4.28). 
Beginning at concentrations above 80 µM, long-range fluctuations on the actin density 
become prominent which hints at a microscopic phase separation into nematic and isotropic 
phases [Käs et al., 1996; Helfer et al., 2005]. At intermediate actin concentrations of 40 to 80 
µM (at the bundling threshold) a qualitatively new behavior was discovered showing actin 
network formation out of a (partially) pre-ordered F-actin state. In this case crosslinking 
drives the system towards ladder-like, highly ordered bundle domains of notable regularity. 
This suggests that condensed bundle network structures directly reflect the pre-transitional 
alignment of the actin ﬁlaments. To further test this hypothesis I suppressed filament 
alignment by filament shortening which indeed inhibited the formation of ladder-like phases. 
Further, filament alignment was introduced on purpose through convective flow which led to 
a highly aligned bundle phase. Underlying order within the filament phase is hence directly 
transferred to the later aggregated phase which is particularly important since pre-alignment 
of filaments is memorized on a comparatively long timescale (> 1h, see appendix C). 
For conditions of no partial filament alignment, the F-actin self-assembles into networks of 
regularly spaced clusters that resemble asters. Networks formed upon depletion force 
induced aggregation appear to be of slightly different network architecture, but again show 
the characteristic, regularly spaced aster-like clusters. With few exceptions [Lieleg et al., 
2009], these aster-like structures are mostly assigned to motor-driven systems [Surrey et al., 
2001; Koenderink et al., 2009]. A central feature of motor induced asters lies in the fact that 
motors order ﬁlaments according to their polarity so that they co-localize with the same 
poles in the center of these asters. The resulting patterns are self-organized and rely on the 
constant supply of chemical fuel to motors to sustain a steady, ordered state. In contrast, the 
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counterion-based patterns originate from self-assembly of counterions and charged actin 
filaments or from self-assembly of biopolymer-polymer mixtures based on depletion forces. 
For conventional linker proteins several recent studies discovered that in many cases a clear 
distinction into bundling agents and crosslinkers is not applicable [Pelletier et al., 2003; 
Borukhov et al., 2005; Lieleg et al., 2009]. Experiments with several crosslinking proteins 
revealed that at high linker densities networks of actin bundles arise [Pelletier et al., 2003; 
Lieleg et al., 2010]. In this context the results presented in this thesis add two novel aspects. 
First the fact that such networks have never been reported for multivalent ions or molecular 
crowding. And second, the previously reported bundle networks are explained as a result 
from high density bundle solutions in excess of linker elements and they display a highly 
random architecture [Pelletier et al., 2003; Lieleg et al., 2010]. To my knowledge, bundle 
networks that are comparable in regularity to those presented in this thesis have so far only 
been reported for two-motor systems [Surrey et al., 2001].  
Interestingly, the observed characteristics of our counterion and depletion-force based 
patterns demonstrate that motors are not essential for the creation of highly ordered and 
regularly spaced bundle networks. Unlike in the presence of molecular motors, ﬁlaments are 
not actively transported with respect to each other. Thus the formerly established theories 
on aster formation (section 2.3.2) cannot be trivially adapted. While the transition towards 
more aligned structures (in the case of counterion-condensation) can partly be explained 
based on fundamental liquid crystal physics, I am not aware of any available theory explaining 
the formation and characteristics of regular aster-like networks in the absence of motors.  
Regarding the network’s regularity, one key characteristic is the average distance between 
aster-like centers which in the case of counterion-induced networks
139
 was found not to 
correlate with filament length, since radical filament shortening has little or no effect on the 
average center spacing. A strongly decreasing free bundle length with higher actin 
concentrations (Figure 4.15), however, suggests that bundle growth in length is frustrated 
when joining other bundles either for steric reasons or for lack of additional material.  
In the case of counterion-induced networks the restricted bundle width in addition suggests 
that the initial F-actin density and the post-transitional bundle density should be directly 
correlated. A higher bundle density will come along with a higher bundle-bundle contact 
frequency making fusion points more likely. In the case of depletion force induced networks a 
finite bundle-width has not been reported. Results from Tharmann et al. [2006], however, 
seem to suggest that bundles are of well defined width which is proportional to the crowding 
agent concentration. This could mean, that initially the depletion force induced bundle width 
effectively is restricted. Interestingly, even bundles formed by protein crosslinker are 
restricted in width as well [Claessens et al., 2008]. Hence, finite width appears to be a very 
general feature of most actin bundles. 
When searching a possible explanation for the occurrence of regular bundle networks, it 
might help to look for reasons why previous experiments apparently did not reveal such 
structures. Since the droplet size did not lead to qualitative differences in actin network 
structure, confinement seems not to be the major reason. Unlike typical bulk experiments, 
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 Further systematic tests based on the depletion force induced networks will have to be done in order to 
compare both systems. 
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however, the setup used in this thesis allows separating mixing effects from crosslinking 
effects. In typical bulk experiments, aggregation starts as soon as crosslinkers and F-actin get 
in contact, i.e. already during mixing or preparing the samples. This could also been observed 
when F-actin and crowding agents (e.g. BSA) were mixed and observed in bulk samples 
(Figure 4.29A). 
 
Figure 4.29 Simple mixing of crowding agent (here: BSA) with F-actin drives the formation of random bundle 
networks (A). Within evaporating droplets (i.e. in the absence of mixing effects), comparable ingredient 
concentrations (F-actin, BSA, KCl) result in entirely different network architectures (B). 
Therefore, I assume that an initially (mostly) homogeneous distribution of material and high 
isotropy are prerequisites for the formation of regular aster-like networks. Under this 
assumption crosslinking can be regarded as a rather uniform aggregation of F-actin via 
attractive interactions. It remains to be elucidated whether bundle growth kinetics (e.g. 
resembling colloidal aggregation dynamics [Fazli and Golestanian, 2007]) possibly in 
conjunction with sterically hindered filament and bundle diffusion [Doi and Edwards, 1999]) 
can already account for the observed bundle network’s regularity. The finite bundle width 
might play a crucial role in this context since it introduces a preference for aggregate sizes. 
Currently unexplained is not only the formation of regularly spaced networks by counterion 
condensation or depletion forces. Further open questions include the differing network 
characteristics when comparing depletion forces and counterion-condensation, and even 
more so the differing results obtained for different crowding agents. For the first case it is at 
least possible to refer to very general differences between the two filament linking 
mechanisms applied. While counterion condensation imply finite-sized bundles [Fazli and 
Golestanian, 2007; Lai et al., 2007a], molecular crowding agents change the restriction of 
bundle width with their concentration [Tharmann et al., 2006]. This difference might be of 
enormous relevance in explaining the different dynamics of network formation. If the bundle 
width is restricted the network bundles will only grow in width and fuse as long as the 
maximum width is not exceeded while if bundle width is not limited, the established network 
structure might lower their free energy by fusing bundles (hence fusing network meshes).  
In contrast, the strongly differing results obtained with different crowding agents essentially 
remain unexplained. Differences in viscosity and polymer size (i.e. radius of gyration) can 
almost be ruled out (section 4.3.2). While first results obtained with PEG and BSA as crowding 
agents closely resemble patterns obtained with counterions, methylcellulose appears to 
behave differently, with larger actin network mesh sizes and bundle widths. A possible reason 
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might be its higher hydrophobicity which also results in a far lower solubility in pure water
140
. 
This might also explain the order of magnitude lower threshold concentration needed for 
inducing actin bundling. However, further substantial experimental efforts will be necessary 
to investigate potential chemical or electrostatic differences in sufficient detail. 
Finally, possible implications of the presented reconstituted networks for living cells should 
briefly be discussed (see also chapter 5)
141
. Typical threshold concentrations for Mg
2+
 ions 
were of the order of 20mM
142
 which is about one order of magnitude higher than typical 
intracellular magnesium ion concentrations [Ebel and Günther, 1980]. Since magnesium 
fulfills many different physiological functions it appears very unfavorable to also use it as an 
aggregation inducer. Counterion-condensation induced aggregation, however, only demands 
multivalent ions and typically the critical threshold concentration decreases dramatically with 
increasing ionic charge [Tang and Janmey, 1996]. Polyamines – for instance- show 
significantly lower bundling thresholds and might potentially act as crosslinkers in vivo. An 
additional aspect to consider is that observations using several multivalent ions species in 
parallel [Tang and Janmey, 1996] show that different multivalent ions act cooperatively.  
Probably even more plausible implications for living cells arise from the presented findings on 
depletion force induced network formation. With 20-30% of the cellular interior being filled 
with macromolecules [Madden and Herzfeld, 1993] molecular crowding is very likely to play a 
substantial role in cytoskeleton organization. Moreover, crowding-based aggregation was 
shown to strongly depend on ionic conditions [Hosek and Tang, 2004] suggesting a possible 
cooperative functioning of depletion forces and counterion condensation. 
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 At high temperatures (typically ˃50-60°C), methylcellulose’s hydrophobicity increases which even leads to 
gelation and phase separation. 
141
 “What is the biological relevance?” is a very popular question in biological physics although quite often it is not 
far from asking “What is it good for?” which unfortunately implies defensive reponse. I am always very curious 
about the missing second part of the question “…apart from: …”. Apart from plain physics? Or apart from pure 
Stackenblochen
b
 for its own sake? 
b 
See http://www.youtube.com/watch?v=zqAdxN1IWQQ 
142
 Similar (only very little lower) threshold concentrations result when using Ca
2+
 ions instead of magnesium. 
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'Thursday, that's not possible!' 
'Anything is possible right now. We're in the middle of an 
isolated high coincidental localised entropic field decreasement.' 
'We're in a what?' 
'We're in a pseudoscientific technobabble.' 
'Ah!' replied Wilbur… 'One of those.' 
Jasper Fforde in “Lost in a Good book” 
 
5 Discussion & Outlook 
The research presented in this thesis aimed at further understanding different processes 
leading to actin network organization. Two very different systems with two obviously 
different underlying mechanisms were chosen and investigated using both reconstituted 
bottom-up experiments and theoretical modeling. 
 
Figure 5.1 Comparison of the hierarchical reduction implemented in the different modeling approaches presented 
in this thesis. The most detailed and microscopic modeling was performed for investigating lamellipodial/lamellar 
actin network growth (section 3.2 and 3.3) (A). Starting from the single protein level (i.e. the molecular level) 
filament and network properties emerge. Additional feedback mechanisms were introduced by connecting the 
nucleation of new filaments with the F-actin density as well as by density-dependent network contraction at the 
rear (section 3.4) (B). Further coarse-graining led to an analytical formalism based on similar assumptions (C). 
Therein the single molecules are only represented by averaged densities. The second system that was approached 
-even though only preliminarily- by developing a computer simulation was the aggregation of F-actin through 
filament-filament interactions (D). Here, modeling is based on the single filament level and molecular details are 
largely ignored.  
The first system’s focus was on thin actin networks found at the leading edge of crawling 
cells, termed lamellipodium and lamellum. Driven by energy dissipation through ATP 
hydrolysis, these networks present self-organized structures (section 3). In addition to their 
characteristic polar orientation with well-preserved biochemical gradients and architecture, 
these networks display substantial turnover dynamics.   
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The second system I studied represents a further reduction with respect to biochemical 
complexity. Here I investigated the interplay between F-actin and one aggregation initiator: 
counterion condensation or molecular crowding (section 4). Despite the system’s reduced 
composition, both mechanisms result in a surprisingly rich variety of different network 
patterns. In contrast to the lamellar actin network, these network structures form by self-
assembly (section 4.3). 
Both parts of my thesis consist of bottom-up experiments using reconstituted proteins 
together with theoretical modeling realized in form of computer simulations as well as 
mathematical modeling. I intended to describe the structure and formation of the respective 
actin networks microscopically; hence all models originate from a microscopic level. At closer 
inspection, however, the different modeling approaches involve different degrees of coarse-
graining (Figure 5.1, section 2.1.1).  
Essential key features of the leading actin network in migrating cells (in particular 
keratocytes) were successfully reproduced by our modeling approaches and could be 
attributed to very general functional units (Figure 3.32) showing that reduction of the 
complex cellular machinery to few core ingredients is able to consistently explain substantial 
parts of its functioning. 
Reduction to rather general principles which is not restricted to a particular molecular 
realization provides a very fundamental explanation for the networks inherent ability to form 
two different substructures by means of self-organization: lamellipodium and lamellum. Up 
until now, this transition in network architecture and composition has not been modeled 
consistently. Further, the modeling approaches presented gave access to systematical 
investigations of the role of filament severing and annealing on both network turnover and 
network architecture. This revealed filament lengthening for both severing and annealing due 
to monomeric actin concentrations that by far exceed typical in vitro values. Filament 
fragmentation hence cannot simply be considered a network disassembly mechanism which 
further strengthens the impression that we might have achieved a comparatively detailed 
picture of actin assembly at the cell front while network disassembly remains poorly 
understood. First preliminary simulation results presented in this thesis suggest that active 
network contractions could serve to maintain reasonable lamellum dimensions. Nevertheless, 
we are still far from having a consistent picture of the convergence zone in migrating cells. 
A newly developed experimental setup facilitates the study of actin network formation after 
‘linker-activation’ without the common perturbations through mixing and convection. 
Moreover, the setup includes well-defined, cell-sized confinement. Its use for bottom-up 
experiments on actin network formation induced by multivalent ions or crowding agents 
revealed a surprisingly wide range of accessible network patterns. Most striking is the 
formation of previously unobserved, highly regular actin bundle networks for both cases. So 
far, similar structures have only been reported for systems of notably higher complexity 
including active molecular motors. While it was possible to give first explanations of the 
counterion-induced state diagramm on the basis of liquid-crystalline physics, the formation of 
regular bundle networks demands for further theoretical modeling to access the underlying 
organizational principles. Homogeneously distributed F-actin of high isotropy as well as finite 
bundle width appear to be core ingredients for the formation of regular aster-like networks. 
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Although further experiments will certainly be necessary I would speculate that the formation 
of such networks might be a rather general feature of uniform filament aggregation. 
Based on the presented experimental results I would further claim that polyelectrolyte 
physics and molecular crowding are two aspects which are by far underrated in current 
biologically inspired research, including biological physics.  
In particular the results on depletion force induced network formation raise fundamentally 
new questions regarding in vivo cytoskeletal organization. 20-30% of the cellular interior is 
filled by macromolecules [Madden and Herzfeld, 1993] suggesting a rather prominent role of 
molecular crowding on cytoskeletal organization. So far, however, most bottom-up 
approaches largely ignore crowding effects and thereby risk representing a drastically 
different situation (Figure 5.2). Moreover, most current bottom-up experiments are 
performed at comparatively low F-actin densities while the present work reveals a very 
dominant role of F-actin pre-ordering (which is an inherent property at high filament 
densities) for the later formation of crosslinked actin networks. 
 
Figure 5.2 Drawing to illustrate the enormous difference in molecular crowding between typical in vitro 
experimental conditions for studying actin filaments (left) and the filaments’ dense intracellular environment 
(right). Initial drawing taken (right) and modified (left) from Goodsell [Goodsell, 2009].  
While high actin concentrations seem not feasible for many experimental setups, bottom-up 
experiments in principle permit to properly account for molecular crowding by introducing 
inert crowding agents. The presented dependence of network architecture on the type of 
crowding agent used, however, is puzzling and further work in this direction might reveal 
more nuanced aspects of molecular crowding than the present theoretical models are able to 
deliver. At this point further theoretical approaches will be absolutely essential in order to 
properly understand the underlying processes.  
Finally, it is very fascinating to compare both systems studied in the present work. In both 
cases, the interplay of two or more molecular components gives rise to fundamentally new 
properties and the macroscopic (i.e. the higher level) scale displays emergent behavior which 
can be attributed to inherent lower level properties. Thus, the resulting organization in form 
of different networks is already inherently contained in the lower level components and 
driven by the system’s self-regulative mechanisms. These self-regulative mechanisms, 
however, differ substantially in the both cases studied with self-organization on the one side 
and self-assembly on the other side.  
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Energy dissipation driving self-organization permits the systems to remain out-of-equilibrium. 
This allows for permanent dynamic remodeling as in the presented case of a treadmilling 
actin network. While both forms of network formation can give rise to well-ordered 
structures, self-organized systems are further able to continuously adapt their structure. In 
vivo, this aspect is certainly of enormous relevance since it permits the cellular functional 
modules to actively respond to a changing environment.  
In summary, this thesis presents two different actin-based systems which inherently possess 
the ability to form ordered network structures from a minimal sets of ingredients. Despite 
their high level of abstraction when compared to a living cell, the minimal systems studied 
revealed underlying functional modules of rather general nature and are not restricted to one 
particular molecular realization. Therefore I hope that the presented results will help to 
advance our understanding of cytoskeletal organization.  Obviously, we are still far from 
being able to answer the initially quoted question of what life is. The presented findings, 
however, at least illustrate that the answer will not simply be: a machine. 
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Please! Don't all leave... Somebody has to do it, don't you see? 
Somebody has to save the world... 
Captain Metropolis in Alain Moore’s “Watchmen” 
Appendix 
A. Variation of filament orientation 
Several studies have revealed many salient features of the lamellipodial actin network 
architecture [Svitkina et al., 1997; Schaub et al., 2007b]. It has been discovered that the actin 
ﬁlaments in the networks are highly ordered, especially in the frontmost part of the 
cytoskeletal extension. Virtually all ﬁlaments are oriented with their fast growing plus-ends 
towards the leading edge [Svitkina et al., 1997]. The angular distribution was reported to 
display two characteristic peaks at ±35° with respect to the normal to the leading edge 
commonly explained by Arp2/3 induced branch formation. To simplify our model, we 
mimicked the experimentally observed angular distribution taking two Gaussian distributions 
centered at +35° and −35°. The angular variance around the peak values was varied to study 
eﬀects on the simulation results (Figure c. 1). As a consequence the appearance of the two-
dimensional actin network naturally changes (Figure c. 1) and in the pseudo ﬂuorescence 
pictures (Figure c. 2). However, changing the angular variance has almost no eﬀect on the 
averaged one dimensional properties of the simulated actin network (Figure c. 3). All other 
data presented in the thesis were obtained under the assumption that ﬁlaments take exactly 
±35° angles with respect to the normal to the leading edge
143
. 
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 Data shown here has been published as supplemental material in [Huber et al., 2008]. 
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Figure c. 1 Simulated actin networks for diﬀerent angular variances. (A-D) Simulated actin networks using 
parameters from the main article, table 1. (a-d) Distributions of all ﬁlament angles from the respective simulated 
networks A-D. (A,a) Var(φ) = 0°, (B,b) Var(φ) = 10°, (C,c) Var(φ) = 15°, (D,d) Var(φ) = 20° 
 
Figure c. 2 Pseudo ﬂuorescence pictures of simulated actin networks for diﬀerent angular variances. (A) Var(φ) = 
0°, (B) Var(φ) = 10°, (C) Var(φ) = 15°, (D) Var(φ) = 20°. Respective simulated networks are shown in Figure c. 1 A-D. 
Method adapted from [Schaub et al., 2007b]. 
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Figure c. 3 Normalized concentration curves for F-actin (grey), ADF/coﬁlin-F-actin (red) and tropomyosin-F-actin 
(green) for diﬀerent angular variances Var(φ) = 0°, 10°, 15°, 20°. Diﬀerences clearly remain within the typical 
ﬂuctuations. 
 
B. Analytical solution of the mathematical model 
Closed analytical expressions for the set of coupled equations derived in section 3.2.4 can be 
found with the following simplifying assumptions: a) Instant binding of ADF/cofilin to a 
subunit after its incorporation into a filament. b) Absence or alternatively immediate binding 
of tropomyosin. c) Immediate filament debranching after nucleation.  
These assumptions results in a constant minus-end depolymerization rate ac offr s k− −= which 
leads to a filament length of 
 ( )( , ) ( )uc c p uc ac off c ucL t r t s k tτ δ τ+ −= − + , 
and the lower boundary for the integration over filaments within a group becomes 
( ( ) ) /uc rel c relt x V V Vτ= + − with pV rδ +≡ the network growth rate and ( )rel p ac offV r s kδ + −≡ −
the relative velocity of the endpoints of a filament. Evaluation of Equations [9]-[11] with 
these integration limits yields the F-actin concentration profile 
 ( ) exp( )F x B q x= −  [28] 
with ( ) / ( )cap rel relq r V V V V≡ − . The fraction of filaments of the group τc with length L 
exceeding x is (Equation [12]) ( ; , ) / exp( ( ) / )H( )c cap rel cap relp L x dL r V r L x V L x dLτ = − − −    , 
which with Equation [13] yields 
 [ ]( , ) exp( ) H( ) exp( ) H( ) exp( )1 1cap cap
rel rel rel
r r VP L x L x L q L L x q x
V V V V
  
= − − − + − −  
−   
 
as the probability (in µm
-1
) that a filament transecting position x has a length L. Equation [14] 
cannot be solved analytically using this expression. A reversal of the order of integration 
permits to circumvent this problem: integration of all possible values of L, weighted by the 
coefficients ( ; , )cp L xτ  , yields the mean length of filaments of the group τc at distance x  from 
the group's plus-ends, 
 ( , ) ( ; , )
0
group
mean c cL x L p L x dLτ τ
∞
= ∫    .  
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Transformation into the stationary frame, ( , ) H( ) ( , )group groupmean c c mean c cL x x V L x Vτ τ τ τ= − − , and 
integration of all group contributions weighted by each group’s share of the total F-actin 
concentration at position x, ( , ) ( )c cf x d F xτ τ , yields the mean filament length profile  
 
( , ) ( )( ) ( , ) ( , )( ) ( )
0
0
c ucgroup group
mean mean c c mean
f x F xL x L x d L x
F x F x
τ
τ τ
∞
= +∫ , 
which for the particular scenario discussed here is 
 ( ) ( exp( ))1 1mean cap cap relxL x r V r VV
−
 
= − − + 
 
 
The groups’ minus-end concentration contributions are described by  
 ( , ) ( / ) ( , ) / ( , )c c p c c p cap rel c cm x d x f x d r V f x dτ τ δ τ τ δ τ τ= − ∂ ∂ =      , 
which after transformation into the stationary frame and integration over all groups yields 
the minus-end concentration profile 
 ( ) ( )p cap
rel
r
M x F x
V
δ
=  
and the depolymerization flux 
 ( ) ( )reld cap
rel
V VJ x r F x
V
−
=  
By solving the equation ( / ) ( ) /2 dx c J x D∂ ∂ = − using boundary conditions discussed in section 
3.2.4, the G-actin concentration profile c(x) is obtained as  
 ( ) ( ) ( exp( )) exp( )1 1 sys
sys
BV BV
c x B q L q x A
L q D q D q
= − − − − − +  [29] 
with A the total actin concentration in the system. 
The G-actin concentration at the leading edge c(0) is obtained by solving Equation [29] for 
c(0). This can only be done numerically. A minimum of numerical calculation hence remains 
even with this simplified set of equations describing network treadmilling but nonetheless, 
this simplified set of equations allowed testing the numerical solutions presented in section 
3.3. 
 
C. Pre-alignment of filaments 
By looking at the filament diffusion in terms of rotation and translation it is possible to 
estimate the timescales of how long induced alignment or order persists depending on 
filament length and density. 
Filament diffusion in a diluted regime, i.e. 
3Lν −≤ (with ν the number of filaments per 
volume), can be described by approximating the filaments as thin rigid rods. For rod-like 
objects the hydrodynamic drag is anisotropic and depends on the direction (and type) of the 
rod’s movement. The drag can be dissected into a parallelζ  and a perpendicular component
ζ ⊥ to  
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 F V Vζ ζ ⊥ ⊥= +  , 
With ,V V⊥ the parallel and perpendicular components of the velocity. Based thereon one can 
further distinguish a parallel and a perpendicular diffusion constant: 
 
ln( / )
ln( / )
2
4
B Bd
s
B Bd
s
k kD
L
k kD
T T L b
T T b
L
L
ζ piη
ζ piη⊥⊥
==
= =


 
with sη the solvent viscosity, L the filament length, and b the rod diameter [Doi and 
Edwards, 1999]. For angular velocity of a rod depends on a rotational friction component rζ
and the exerted torque N :  
 / rNω ζ= . 
Following Doi and Edwards [1999] one gets a rotational diffusion constant  
 
(ln( / ) )
3
3B Bd
r
r s
k kD
L
T T L b
ζ
γ
piη
−
= = , 
where γ is a correction factor which here is approximately 0.8 [Doi and Edwards, 1999]. 
Going to higher filament densities, i.e. to semi-dilute or concentrated solutions, the diffusive 
behavior changes. Regarding the translational motion, the before introduced perpendicular 
diffusion will be strongly suppressed. In contrast, the parallel diffusion will not be hindered 
significantly by the surrounding filaments which leads to a first estimate of the diffusion 
constants within a concentrated regime ,
c cD D⊥ of 
 , .0
dc cD D D⊥≈ ≈   
The spatial restriction of a filament by its neighbors can be described in form of a surrounding 
tube containing the filament. The tube radius a can be estimated to be 
 
1 2a Lν − −≈ . 
The rotational diffusion can be derived to 
 )(
2
3 2c d d
r r r
aD D D L
L
ν −
 
= = 
 
, 
and thus directly depends on the filament density [Doi and Edwards, 1999]. 
Considering a typical filament length of few microns, the semi-dilute to concentrated regime 
will suppress rotational diffusion for a timescale of hours
144
. 
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 The concentrated regime starts at / ( )21≈ bLν which leads to a rotational diffusion of ( / )2=c dr rD D b L . 
Considering a typical filament length of 8µm at a diameter of ~8nm this becomes ·
6
10
−
=
c d
r rD D . By further 
assuming sη =1m Pa s, the rotational diffusion for the dilute regime can be calculated to be . 10 05 −≈drD s . 
Hence one gets ·
8 1
105
− −
≈
c
rD s which will means that no considerable rotational diffusion will take place on a 
second or minute time scale. 
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D. Protocols 
 
d1. Acetone Powder Prep 
You Will Need: 
Rabbit muscle typically ~ 300-500 g (using more than 500 g will cause 
problems with adding 150 mL of H2O into centrifuge tubes 
in step 5) 
KCl     74 g   
K2HPO4  (Anhydrous)   34.8 g 
Na2CO3     1 M Solution 
Acetone     8 L 
H2O (Millipore)    10 L 
PBS     1 L 
EDTA 0.02 M pH 7.0   100 mL 
Centrifuge Tubes (250 mL)  6 
5L Beakers    At least 3 
Meat Grinder 
Gauze/Cheesecloth/Paper Towels 
 
Prepare/Check in Advance: 
• 2 L Solution A:   74 g      KCl (0.5 M)  
       34.8 g   K2HPO4 (0.1 M)      
    H2O to 2 L 
o Solution A is an F-buffer due to its high potassium concentration. 
o Phosphate does something severe to actin (in in vitro experiments phosphate is 
usually avoided) 
• Stock Solution:     1 M Na2CO3 
• Chill 5 L H2O (4ºC) 
• Chill 1 L PBS (4°C) 
• Chill 8 L Acetone (-20ºC) 
 
Procedure: 
1. Dissect leg and back muscle from rabbit. Store in chilled PBS. Cut off fat and fur using scalpels. 
Clean with chilled PBS. Rinse meat grinder with a solution of 0.02 M EDTA (pH 7.0) 
immediately prior to use. Grind muscle 3 times (1x coarse blade, 2x fine blade) in meat 
grinder. 
2. Stir slowly for 10 min. with 900 mL Solution A at 4ºC. 
o Advice: For precise time control, put ground meat in beaker first and then add 
Solution A. 
3. Spin at 4000 x g for 10 min. at 4 ºC in six 250 mL centrifuge tubes.  Pour off supernatant. 
4. Repeat steps 2 & 3 once. 
o Note: If you started from the “Myosin II Prep” protocol, you have applied a buffer similar 
to Solution A already once, thus stir for only 5 min. in this repeat. 
Record weight of all tubes (with pellets). 
5. In centrifuge tubes (250 mL each): 
a. Add 150 mL chilled H2O to each tube. Resuspend pellet (e.g with ceramic spoon). 
o Assumption: 150 mL is just a rough number. If pellet is too big to allow an additional 150 
mL of water in centrifuge tube, simply fill centrifuge tube up with water completely.  
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b. pH each tube to 8.2 - 8.5 (use pH meter) with 1 M Na2CO3. 
c. Put tubes in ice bucket for 10 min. – shake occasionally. 
d. Spin at 4000 x g for 10 min. at  4ºC. 
e. Pour off supernatant and record weight of all tubes (with pellets).   
 
Repeat step 5 several times (you may only have to pH twice; initial pH is approx. 7.5).  Each 
time, compare the total weight (w/o supernatant) to the previous measurement.  It decreases 
on subsequent repetitions.  At a certain point it will begin to increase (usually by roughly 10%).  
Stop at this point. 
 
6. Pool the pellets in a 5 L glass beaker and add 4 L acetone (-20ºC).  Stir for 20 – 30 min. in 
fridge using the magnetic stirrer. 
7. Filter through gauze or cheesecloth (4 layers).  Squeeze out liquid firmly but not too hard. 
8. Repeat steps 6 & 7. 
9. Dry acetone powder on paper towels overnight in hood.  Place into 50 mL tubes, weigh, and 
label. Store in -80. 
          
 
 
 
d2. Actin prep 
Buffers: 
Buffer X 
Final concentration for 500 ml from stock 
2 mM Tris-HCl (pH 7.8) 2 ml 0.5 M  
0.5 mM ATP 1.25 ml 0.2 M (pH 7.8) 
0.1 mM CaCl2 0.25 ml  0.2 M 
0.01 % NaN3 0.5 ml 10 % 
1 mM DTT 2.5 ml 
or 0.5 ml  
0.2M 
1 M  
o day 1-3 
o pH to 7.8 
 
Buffer 1.9 
Final concentration for your calculation for 4 l from stock 
2 mM Tris-HCl (pH 7.8)  16 ml 0.5 M  
1 mM MgCl2  4 ml 1 M 
1 mM DTT  4 ml 1 M 
o day 1  
o pH to 7.8 
 
G-Buffer 
o day 3: 500ml  and day 4: 1l, column flush: 2l 
o see buffers and actin related solutions 
 
Day 1, ~5 hours        1-4: extract actin from acetone powder, 5-8: remove α-actinin 
1. Extract ~7 g (4.5 - 9 g) acetone powder with 135 ml cold buffer X on ice. 
o Add buffer slowly while gently stirring with glass rod to thoroughly wet powder. 
-136- 
o Actin leaves acetone powder. Brute stirring will result in also dissolving other 
proteins. 
2. Incubate on ice for 30 min. Stir gently every 10 min. 
3. Spin at 25,000g for 45min at 4°C. Keep supernatant. 
4. Filter supernatant through glass wool into graduated cylinder and record volume. 
o Use small clew of wool in funnel. 
o Check concentration against Buffer X. 
5. Transfer to beaker. Add solid KCl to 3.3 M while stirring. 
o KCl adds about 10% volume. This is 28g for about 110 ml.  
o Add KCl all at once. Solution becomes opaque 
o This step is to dissociate α-actinin. 
6. Stir at room temperature until it reaches 15°C. Incubate on ice (w/o stirring) until 
temperature returns to 5°C. 
o Temperature step is crucial for α-actinin dissociation. 
o Takes about 40 min to go up and 20 to go down. 
7. Spin at 25,000g for 30 min at 4°C 
o Tight white pellets, if any, are α-actinin. 
8. Filter again as in step 4 into graduated cylinder. 
9. Dialyze supernatant against 32 times its volume of buffer 1.9 overnight. 
o Volume (3-4 l) needs to be precise to obtain final KCl concentration of 0.1M which is 
F-Buffer conditions.  
o Check concentration against dialysis buffer. 
 
Day 2, ~6 hours   remove tropomyosin 
1. To dialysis bag content add 0.22 times its volume of 4M KCl and stir for 1.5 h at 4°C. 
o This gives a final KCl concentration of 0.8 M and is intended to solubilize 
tropomyosin. 
2. Spin at 100,000g for 3.5 h at 4°C.  Discard supernatant 
o Pellets are thin and barely visible 
3. Use total of 12.5 ml of buffer X to homogenize pellet. 
o Be sure to do thoroughly. 
o Transfer to graduated cylinder for next step. 
o Check concentration against Buffer X. 
4. Add 37.5µl MgCl2 1M and 187.5µl KCl 4M and adjust volume with buffer X to 19.3 ml and 
leave at 4°C overnight without stirring. 
 
Day 3, ~6 hours  remove polymerization-incompetent actin 
1. Add 4.5 ml KCl 4M and 1.185 ml buffer X and stir for 1.5 h at 4°C. 
2. Spin at 100,000g for 3.5 h at 4°C.  Discard supernatant. 
3. Wash pellets in tubes with buffer X, take them up with buffer X, and homogenize. 
o Pellet should be denser and thicker than day before. 
o Homogenize in as little buffer X as possible, check apparent concentration against 
buffer X (should be > 3.5 mg/ml; reason: after column at day 5/6, apparent 
concentration will have dropped ~1.5 fold; final concentration of ~2 mg/ml is 
desired). 
4. Dialyze overnight against 0.5 l of G-buffer. 
 
Day 4    break up clusters of actin 
1. Sonicate briefly. 
o Sonicate dialysis bag for 10 sec three times in sonicator bath filled with G-buffer 
(note: dH2O might work as well). Too long might destroy proteins. 
2. Go on dialyzing against 1 l G-buffer for the next 45 to 70 hours. 
 
Day 5/6 
1. Continue dialysis. 
Florian Huber  ||| Emergent structure formation of the actin cytoskeleton  -137- 
o Buffer change is not necessary. One day is enough if time is pressing. 
2. Prepare the column for the next day. 
 
Day 6/7, ~9 hours remove actin oligomers and unspecific proteins 
1. Check concentration against dialysis buffer. 
o Keep dialysis buffer for later concentration determination (step 3). 
2. Clarify actin by spinning at 100,000g for 3.5 hours at 4°C and save supernatant. 
3. Check concentration against dialysis buffer. 
Note: The following steps can optionally be done the next day. In this case, incubate supernatant 
on ice overnight. 
4. Run column (takes ~5 hours). ☺ 
5. Check concentration against G-buffer. 
 
Day 8    Gel column filtration 
 
 
 
 
 
d3. Actin labling with rhodamine dye 
 
Principle: Carboxyl groups (COOH) of CTMR react with amine groups (NH2) on actin  
  (e.g., on its lysines). 
 
Materials 
1.1L of G buffer 
buffer for buffer exchange at day 1 (depending on choice of 1
st
 step) 
several 100µL  of KCl (3M) stock solution 
several µL of MgCl2 (1M) stock solution 
several µL of CTMR (100mM) in DMF (stored in the dark at -20°C) 
several 10µL of Tris 0.5 M pH 7.8 stock solution  
 
Overview 
 
Day 1 Day 2 Day 3 
TRIS → HEPES exchange CTMR   1h 
spin   2h 
homogenize  1h 
PD-10 
polymerize  0.5h 
spin   2h 
dialyze vs. GB  overnight 
spin 3.5h 
     
Day 1  
1. If dialysis is done, dialyze actin (typically 1.5 – 2 ml G-actin at 2 mg/ml, 50 µM) at 4 °C against 
2L of an F buffer that does not contain primary amine (NH2) nor thiol (SH) groups (buffer 
amine groups would block carboxyl groups on CTMR; buffer thiol groups would block amine 
-138- 
groups on actin):  
 
20 mM PIPES (pH 6.9)  
0.2 mM CaCl2  
0.2 mM ATP  
0.1 M KCl  
pH Solution to 7.8 
 
Alternatively, use a PD-10 column
2 mM PIPES  pH 6.9  
0.2 mM CaCl2  
0.2 mM ATP  
pH Solution to 7.8 
 
After column add KCl to 0.1 
You can then store the actin overnight in the fridge.  Alternatively, you can do the whole PD
10 column step at day 2. 
For 3.5 mL Actin:  117 µL KCl (3 M 
 
Day 2  (takes 8-9 hours) 
2. For convenience, transfer F
Add to this F-actin solution 0.3 m
mM stock solution in DMF, stored in the 
For 1.5 mL Actin:  4.5 µL CTMR
      
Mix well by pipetting and incubate at room temperature for 
o CTMR binds to the “sides” of the polymerized actin.
3. Stop the reaction by addition of 10 mM Tris pH 7.8. 
For 1.5 mL Actin:  30 µL Tris (0.5 M stock)
      
o Tris has NH2 groups. The excess of Tris added in this step scavenges CTMR which has 
not yet covalently bound to actin. 
4. Spin the Rh-F-actin at 12° C, 100,000 g for 
Prepare 1.1 L G-buffer @ pH 7.8 during this spin.
5. Discard the supernatant and resuspend the pellet(s) with G buffer such that you get a total 
volume of 2.5 ml.  (See ‘Actin & Actin 
o Steps 4 and 5 remove T
polymerization
The pellet will be firm, so mix first by pipetting, being careful not to get chunks stuck to the 
pipette tip.  Transfer to 3 ml or other small homogenizer and mix thoroughly.  Le
homogenizer and depolymerize on ice for 
10 Pharmacia column for next step during this waiting period and cool it in the fridge.
6. Gel filter the actin on a PD-
box). The wanted Rh-G-actin comes off the column first. Use a flat
collect actin solution (elution volume will be 3.5 mL).
For 2L 
   12.08 g or 40 mL 1 M stock 
  0.0588 g or 2 ml  0.2 M stock
  0.220 g or 2 ml 0.2 M stock 
  14.91 g 
 to exchange the buffer: 
 
For 50 mL 
 100 µL 1 M stock 
  50 µL 0.2 M stock  
  50 µL 0.2 M stock 
M to polymerize actin.  Let sit at room temperature for 30 min.  
stock) 
-actin to 1 or 2 1.5 ml Beckman tubes suitable for the centrifuge.  
M CTMR (rhodamine from Molecular Probes) from the 100 
dark at –20°C.  
 
2.0 mL Actin:  6.0 µL CTMR 
1 hour.   
 
 
 
2.0 mL Actin:  40 µL Tris (0.5 M stock) 
 
2 hours to pellet Rh-F-actin. 
 
- Related Solutions’).   
ris-CTMR from the solvent. They also remove 
-incompetent actin. 
1 hour, mixing every 20 minutes or so. Prepare PD
10 Pharmacia column against G-buffer (see instructions in column 
-bottomed 5 mL tube to 
 
 
 
 
-
ave in 
-
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o This step removes rhodamine which is non-covalently bound to actin, as well as 
unbound rhodamine in solution, since both expose their “sticky” carboxyl groups 
and thus remain in the column at this low ionic strength.  
7. Recycle Rh-actin by polymerizing the solution with the addition of 1 mM MgCl2 and 0.1 M KCl. 
For 3.5 mL: 
3.5 µL MgCl2 (1 M stock) 
117 µL KCl (3 M stock) 
8. Incubate 30 min. at room temperature. 
9. Spin the Rh-F-actin again as in step 4, splitting the 3.5 mL sample in 3 vials. (2 hours) 
10. Resuspend the pellet(s) of Rh-F-actin with the 3 ml or other small homogenizer using a total of 
1 mL of G-buffer (i.e., using 333 µL/pellet).  G-buffer volume can be varied to yield a desired 
final concentration (i.e., less G-buffer will yield more concentrated actin, which is desirable, 
but less than 1 ml are hard o handle). 
o Steps 9 and 10 serve the same purpose as steps 4 and 5. 
11. Dialyze overnight in the dark at 4°C against 1 liter of G-buffer. (Dialysis beaker can be covered 
with aluminum foil to keep out the light.)  Remember to save the dialysis buffer for later 
concentration determination. 
Day 3 
12. Spin Rh-G-actin at 100,000 g at 4 °C for 3,5 hours.  Keep the supernatant.  (Warning:  the 
pellet will be very soft, so carefully pipette off the supernatant.  It is preferable to leave a 
small amount of supernatant than to get too close to the pellet and risk contaminating the 
sample.)   
o This step removes oligomeric actin and with this also potential actin binding 
proteins. 
13. To determine actin and rhodamine concentrations, use the spectrophotometer (cuvette 
length 1 cm), reading actin absorbance at 290 nm and rhodamine absorbance at 550 nm 
(program #666).   
Rhodamine concentration: Absorbance at 550nm is  = 95 mM
-1
 cm
-1
 (1). Thus, divide 
measured absorbance by 95 to get rhodamine concentration in mM. 
Actin concentration: Subtract 25 % of the rhodamine absorbance, then divide by 0.617 to 
obtain actin concentration in mg/ml. Use MW = 42 kDa to derive molar actin concentration. 
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Light travels at a speed of 186,000 miles per second. ... So why 
are the afternoons so long? 
Sally Brown (Peanuts) 
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